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A b s tra c t
C h a r a c te r iz a t io n  o f  th e  A c tiv e  C en te r o f  H em ery th rin :
Invo lvem ent o f  th e  Amino, Im id a z o le  and T h io e th e r  Groups
by
Jo y ce  Ann M o rrissey
H em ery th rin  i s  an  oxygen  c a r r y in g ,  non-heme i r o n  m e ta l lo p r o te in  
o f  known p rim ary  s t r u c t u r e .  L i t t l e  i s  known o f  i t s  h ig h e r  l e v e l s  o f  
o r g a n iz a t io n ,  p a r t i c u l a r l y ,  th e  s t r u c t u r e  o f  i t s  a c t iv e  c e n t e r .  This 
p a p e r w i l l  d e a l  w ith  th e  r o l e  o f  th e  am ino, im id a z o le  and th i o e th e r  
s id e  c h a in  g roups in  th e  a c t i v e  s i t e  o f  th e  p r o te in .
C hem ical m o d if ic a t io n  and a c id -b a s e  t i t r a t i o n  te c h n iq u e s  were 
used  to  s tu d y  th e  in v o lv em en t o f  p o t e n t i a l  i r o n  l ig a n d s  in  th e  i r o n  
s i t e .  A ll o f  th e  l y s i n e s ,  th e  N -te rm in a l g ly c in e ,  th e  m e th io n in e  and 
th r e e  o f  th e  h i s t i d i n e s  ( r e s id u e s  34 , 77, and 82) w ere  found n o t  to  be 
a c t iv e  s i t e  com ponents. Each o f  th e s e  r e s id u e s  co u ld  be  m o d if ie d  w ith ­
o u t d e s tro y in g  th e  p r o p e r t i e s  o f  th e  a c t iv e  s i t e .  M o d if ic a tio n  o f  a l l  
tw elve  amino g roups (11 ly s in e s  and th e  N -te rm in a l g ly c in e )  was accom­
p l i s h e d  u s in g  m e th y la c e tim id a te ,  s u c c in i c  an h y d rid e  and m a le ic  a n h y d rid e . 
IVo h i s t i d i n e s  w ere found to  be a v a i l a b l e  f o r  a c id -b a s e  t i t r a t i o n ,  
t i t r a t i n g  w ith  a  c h a r a c t e r i s t i c  h e a t  o f  io n i z a t io n  b u t in  an abno rm ally  
h ig h  pH range  ( 6 .4 - 8 .6 ) .  The m e th io n in e  and two h i s t i d i n e s  ( r e s id u e s  
34 and 82)w ere m o d ified  w i th  lo d o a ce ta m id e  a f t e r  p r i o r  t r e a tm e n t  o f  th e  
p r o te in  w ith  s u c c in ic  a n h y d r id e . A t h i r d  h i s t i d i n e  ( r e s id u e  77) was 
m o d ifie d  by th e  s u c c in ic  a n h y d r id e . lo d o ace tam id e  m o d if ic a t io n  o f  th e  
rem a in in g  fo u r  h i s t i d i n e s  ( r e s id u e s  25 , 5 4 , 73 and 101) was accom panied 
by d e s t r u c t io n  o f  th e  a c t i v e  c e n te r .  Thus th e se  r e s id u e s  presum ably  
s e rv e  as i r o n  l ig a n d s .
i x
A lthough  n o t  in v o lv e d  in  th e  a c t iv e  c e n t e r ,  l y s i n e  and m e th io n in e  
do a p p e a r  to  b e  r e l a t e d  to  th e  m a in ta ln e n c e  o f  th e  t e r t i a r y  and q u a r t e r -  
n a ry  s t r u c t u r e  o f  th e  p r o t e i n .  Four o f  th e  ly s in e s  a r e  a p p a re n t ly  
in v o lv e d  in  s u b u n it  i n t e r a c t i o n s  s in c e  th e y  a re  l e s s  s u s c e p t i b le  t o  
m o d i f ic a t io n  and l e s s  a v a i l a b l e  f o r  t i t r a t i o n  in  h e m e ry th r in  oc tom er 
th an  th e y  a r e  i n  monomer. The m e th io n in e  seem s to  be  e s s e n t i a l  to  th e  
m a in ten an ce  o f  th e  p r o t e i n ’s  t e r t i a r y  co n fo rm a tio n  as  in d i c a te d  by  th e  
f a c t  t h a t  d e n a tu r a t io n  accom panies i t s  m o d i f ic a t io n .
x
INTRODUCTION
H em ery th rin  i s  an  I ro n  c o n ta in in g  m e ta l lo p r o te in  w hich s e rv e s  a 
r e s p i r a t o r y  fu n c tio n  In  c e r t a i n  m arin e  i n v e r t e b r a t e s .  I t  i s  found in  
s ip u n c u l id s ,  p r ia p u l id s  and in  some a n n e lid s  and b ra c h io p o d s . The m ost 
in t e n s e ly  i n v e s t ig a t e d  h e m e ry th r in  i s  u n d o u b ted ly  th a t  o f  th e  s ip u n c u l id  
G o lf in g ia  g o u l d i i . S e v e ra l o th e r  h e m e ry th r in s  have b een  s tu d ie d  a s  w e l l .  
These in c lu d e  th o s e  o f  th e  s ip u n c u l id s  Dendrostomum p y ro id e s  ( F e r r e l l  
and K i t to ,  1970, 1971) and S ip u n cu lu s  nudus (H ollem an and B is e r t e ,  1958, 
B o e ri and G h ir e t t i - M a g a ld i , 1957, B a tes  e t  a l . ,  1968). Dendrostomum 
p y ro id e s  h e m e ry th r in  h a s  b een  found to  be q u i t e  s im i l a r  to  th a t  o f  
G o lf in g ia  g o u ld i i  in  m o le c u la r  w e ig h t ,  o c to m e ric  s t r u c t u r e ,  oxygen 
b in d in g  p r o p e r t i e s ,  t r y p t i c  d ig e s t  f i n g e r p r i n t s  and amino a c id  seq u en ce . 
A lthough th e  work on S ip u n cu lu s  nudus h e m e ry th r in  i s  l e s s  e x te n s iv e ,  i t  
a l s o  seems to  be  com parab le  to  G o lf in g ia  g o u ld i i  h e m e ry th r in  in  m o le c u la r  
w e ig h t ,  q u a te rn a ry  s t r u c t u r e ,  and oxygen b in d in g  p r o p e r t i e s .
The G o lf in g ia  p r o t e i n  i s  o b ta in e d  from  th e  co e lo m ic  f l u i d  o f  
th e  an im als  w here i t  o c c u rs  in  re d  b lo o d  c e l l s .  In  Dendrostomum z o s t e r i -  
colum  and Siphonosoma in g e n s , M anwell (1960a, 1960b, 1963) has o b se rv e d  
v a s c u la r  and m uscle h e m e ry th r in s  i n  a d d i t io n  to  th e  co e lo m ic  h e m e ry th r in . 
These forms o f  h e m e ry th r in  d i f f e r  from  th e  coelom ic  in  t h e i r  oxygen 
b in d in g  a f f i n i t i e s  an d , a t  l e a s t  i n  th e  case  o f  th e  v a s c u la r  h e m e ry th r in , 
seem  to  be r e l a t e d  in  oxygen b in d in g  a f f i n i t y  to  th e  oxygen te n s io n  o f  
th e  en v iro n m en t.
H em ery th rin  as  i s o l a t e d  h a s  a  m o le c u la r  w eigh t o f  108,000 (K lo tz  
and K ere sz te s -N ag y , 1 9 6 3 ). I t  h as  no p r o s t h e t i c  g roup . I t  i s  composed
1
2o f  e ig h t  s u b u n i ts  w hich ace  i d e n t i c a l ,  a l th o u g h  a  few amino a c id  i n t e r ­
change v a r i a n t s  do o c c u r ( K lip p e n s te in  e £  a l . , 1968, M anw ell, 1 9 6 3 ).
The s u b u n i ts  have a  m o le c u la r  w e ig h t o f  13 ,500 and a r e  composed o f  113 
amino a c id  re s id u e s  o f  known seq u en ce  (F ig u re  I )  (K lip p e n s te in  e t  a l , 
1968).
T here a r e  two gram atom s o f  i r o n  p e r  monomer u n i t  each o f  which 
b in d s  one mole o f  oxygen (K lo tz  and K e re sz te s -N a g y , 1 9 6 3 ). Thus each  
m ole o f  o c ta m e ric  h e m e ry th r in  c o n ta in s  16 gram atoms o f  i r o n  and c a r r i e s  
8 moles o f  oxygen. The oxygen b in d in g  s i t e s  a r e  in d e p en d en t as ev id en ced  
by a  H i l l  c o e f f i c i e n t  o f  1 (M anw ell, 1 9 6 0 a).
An e q u i l ib r iu m  e x i s t s  betw een  th e  o c tam er and monomer form s o f  
th e  p r o te i n  w ith  d i l u t i o n  f a v o r in g  th e  p ro d u c tio n  o f  monomer (K e re s z te s -  
Nagy e t  a l . , 1965b). Com plete c o n v e rs io n  o f  th e  oc tam er to  monomer may 
b e  accom plished  th ro u g h  c h e m ic a l m o d if ic a t io n  o f  th e  p r o t e i n .  M o d ific a ­
t i o n  o f  th e  p r o t e i n ’s  s in g le  c y s te in e  r e s id u e  w ith  a s u i t a b l e  m ercap tan  
r e a c ta n t  su ch  as p -h y d ro x y m e rc u rib e n z o a te  acco m p lish es  t h i s  c o n v e rs io n  
(K eresz tes-N ag y  and K lo tz ,  1 9 6 3 ). P a r t i a l  s u c c in y la t io n  a ls o  cau ses  
d i s s o c i a t i o n  to  monomer (K eresz te s -N ag y  and K lo tz ,  1 9 6 2 ).
The two p h y s io lo g ic a l ly  a c t iv e  forms o f  h e m e ry th r in  a r e  th e  
c o lo r l e s s  i r o n  I I  deoxy form  and th e  v i o l e t - p i n k  i ro n  I I I  ojqt form . 
O x id a tio n  o f  oxy o r  deoxy h e m e ry th r in  w ith  K3 Fe(CN)g c o n v e r ts  h e m e ry th r in  
to  an I r o n  I I I  m e th em e ry th rin  w ith  a d d i t io n a l  bound l ig a n d s  (K e re s z te s -  
Nagy and K lo tz ,  1965a. T hus, m e th em ery th rin  i n  th e  aq u o , h y d ro x y , a z id e ,  
c h lo r id e ,  f l u o r i d e ,  th io c y a n a te ,  and cy an id e  form s can b e  p re p a re d .  Each 
form  has  a  d i s t i n c t ,  c h a r a c t e r i s t i c  sp ec tru m  (F ig u re  2 ) .  G a rb e tt  e t  a l . , 
(1969, 1971a) s u g g e s t  on th e  b a s i s  o f  s p e c t r a l  ev id e n c e  th a t  th e  i r o n  
a s s o c ia te d  s t r u c t u r e  o f  th e  v a r io u s  h e m e ry th r in  form s i s  as fo l lo w s :
F ig u re  1 : Hie p rim ary  s t r u c t u r e  o f  G o lf in g ia  g o u ld i i  h e m e ry th r in .
G ly-Phe-P ro-Ile-Pro-A sp-P ro-T yr-V al-A sp-T rp-Pro-Ser-Phe-A rg-T hr-P he-T yr-Ser-Ile-Ile-A sp-A sp-
G lu -H is -L y s -T h r-L e u -P h e -A sn -G ly -Ile -P h e -H is-L e u -A la -Ile -A sp -A sp -A sn -A la -A sp -A sn -L e u -G ly -G lu -
L eu -A rg -A rg -C y s-T h r-G ly -L y s-H is -P h e -L eu -A sn -G ln -G lu -V a l-L eu -M et-G ln -A la -S e r-G ln -T y r-G ln -P h e -
T y r-A sp -G lu -H is -L y s-L y s-G lu -R is -G lu -G ly -P h e -Ile -H is -A la -L e u -A sp -A sn -T rp -L y s-G ly -A sp -V a l-L y s-
T rp -A la -L y s -S e r -T rp -L e u -V a l-A s n -H is - I le -L y s -T h r- I le -A s p -P h e -L y s -T y r-L y s -G ly -L y s - I le
4F ig u re  2 : A b so rp tio n  s p e c t r a  o f  c o o rd in a tio n  com plexes o f  m e th em e ry th rin .
E x t in c t io n  c o e f f i c i e n t s  a r e  i n  term s o f  p r o te in  c o n c e n tr a t io n  
in  g r a m s / l i t e r  (K eresz tes-N ag y  and K lo tz ,  1965a).
X
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These w o rk ers  co n ten d  t h a t  i n  G o lf in g ia  g o u ld i i  o x y h em ery th rin  th e  two 
i r o n  atom s a r e  in  n o n e q u iv a le n t e n v iro n m e n ts . T h is i s  n o t  t r u e  o f  deoxy- 
h e m e ry th r in  and  m e th e m e ry th rin . Each o f  th e s e  form s o f  th e  p r o te in  has 
a  s in g l e  b u t  d i f f e r e n t  i r o n  en v iro n m en t. Thus c o n fo rm a tio n a l changes 
seem to  be  a s s o c ia te d  w ith  th e  c o n v e rs io n  o f  one p r o te in  form  to  a n o th e r . 
These h y p o th e se s  and th e  s t r u c t u r a l  th e o ry  o f  G a rb e tt  e t  a l .  a r e  b ased  
on M ossbauer s p e c tro s c o p y , m ag n e tic  s u s c e p t i b i l i t y  and c i r c u l a r  d ic h ro ism  
s tu d ie s  o f  th e  v a r io u s  h e m e ry th r in  form s and o f  model compounds. Indepen­
d e n t M ossbauer and m ag n e tic  s u s c e p t i b i l i t y  s tu d ie s  o f  York and Bearden 
(1970) s u p p o r t th e s e  c o n te n t io n s .
D a rn a ll  et^ a l . (1968) and G a rb e t t  et^ a l .  (1971b) r e p o r te d  th e  
e x is te n c e  o f  n o n - iro n  an io n  b in d in g  s i t e s  in  th e  p r o t e i n .  T h e ir  work 
shows t h a t  th e  p r o te in  b in d s  p e r c h lo r a te  and n i t r a t e  io n s  s t r o n g ly  and 
p h o sp h a te , b o r a te  and c a rb o n a te  io n s  w eak ly . S u l f a t e ,  d o d e c y ls u l f a te ,  
a c e t a t e  and t r i c h l o r o a c e t a t e  io n s  a re  n o t  bound a t  a l l .  The b in d in g  s i t e  
f o r  th e s e  s m a l l  io n s  seems to  be s p e c i f i c .  A n a ly s is  o f  th e  p e r c h lo r a te  
form  s u g g e s ts  t h a t  t h i s  s i t e  i s  n e a r  th e  c y s te in e  s in c e  p e r c h lo r a te  io n s  
b lo c k  r e a c t io n s  o f  c y s te in e .  S ince  p e r c h lo r a te  a l s o  a f f e c t s  th e  e q u i l i b ­
rium  and k i n e t i c  b e h a v io r  o f  th e  i r o n ,  i t s  b in d in g  a c t io n  a l s o  su g g e s ts
6t h a t  th e  i r o n  s i t e  may l i e  c lo s e  to  th e  c y s te in e .  The p e r c h lo r a te  io n  
b in d in g  a ls o  a f f e c t s  th e  r e a c t i v i t y  o f  two ly s in e  r e s id u e s  in  th e  m etaquo 
and m ethydroxy forms o f  th e  p r o t e i n , (G a rb e tt  et^ a l . ,  1971b ).
L i t t l e  i s  known a b o u t th e  n a tu re  o f  th e  amino a c id s  in v o lv e d  as 
i r o n  l ig a n d s .  On th e  b a s i s  o f  s p e c t r a l  s t u d i e s ,  th e  i r o n  i s  b e l ie v e d  to  
be  o c ta h e d r a l ly  c o o rd in a te d . A llow ing  f o r  an oxy b r id g e  and th e  o th e r  
n o n -p ro te in  l ig a n d s ,  one e x p e c ts  as many as  e ig h t  amino a c id s  to  fu n c t io n  
as l ig a n d s .  E vidence to  d a te  su g g e s ts  th e  ty r o s in e  ( R i l l  and K lo tz ,  1970; 
York and F an , 1970, 1971) and h i s t i d i n e  (Fan and Y ork , 1969) may be  i n ­
v o lv e d . A number o f  o th e r  amino a c id s ,  such  as  l y s i n e ,  th e  N -te rm in a l 
g ly c in e ,  c y s te in e ,  m e th io n in e , a s p a r t i c  a c id  and g lu ta m ic  a c id ,  a re  a ls o  
p o t e n t i a l  l i g a n d s .  The c y s te in e  h as  been  e l im in a te d  as a  p o s s ib le  l ig a n d  
s in c e  th e  monomer p roduced  th rough  m o d if ic a t io n  w ith  p -h y d ro x y m ercu rib en - 
z o a te  p o s se s s e s  th e  s p e c t r a l  p r o p e r t i e s  o f  th e  o c tom er.
B ecause o f  t h e i r  im p o rtan ce  to  m u l t i c e l l u l a r  an im al l i f e ,  R evers­
i b l e  oxygen b in d in g  sy stem s a re  o f  c o n s id e ra b le  academ ic and p r a c t i c a l  
i n t e r e s t .  This f a c t  i s  r e f l e c t e d  in  th e  e x te n s iv e  p u b lish e d  l i t e r a t u r e  
d e a l in g  w ith  th e  hem oglobin and m yoglobin sy s te m s . The l i t e r a t u r e  on 
th e  more p r im i t iv e  oxygen c a r r i e r s ,  th e  h e m e ry th r in s ,  and hem ocyanins, 
a lth o u g h  l e s s  e x te n s iv e ,  s t i l l  r e f l e c t s  a  s e a rc h  f o r  an u n d e rs ta n d in g  o f 
th e  p r in c i p l e s  o f  oxygen t r a n s p o r t .  H em ery th rin , b e c a u se  o f  i t s  r e l a t i v e  
s i m p l i c i t y ,  sh o u ld  p ro v id e  d i r e c t  i n s ig h t  in to  th e se  p r i n c i p l e s .  Thus 
knowledge o f  i t s  s t r u c t u r e  and th e  n a tu re  o f  i t s  a c t iv e  c e n te r  assum es 
c o n s id e ra b le  im p o rtan ce . Only th rough  such  knowledge w i l l  we b e g in  to  
u n d e rs ta n d  th e  v i t a l  p r in c i p l e s  g o v e rn in g  m e ta l lo p r o te in  and h em ep ro te in  
m ed ia ted  oxygen t r a n s p o r t .  This p ap e r w i l l  d e a l w ith  th e  r o le  o f  c e r t a in  
amino a c id  r e s id u e s  as p o t e n t i a l  i r o n  l ig a n d s  in  th e  a c t iv e  c e n te r  o f  
h e m e ry th r in . S tu d ie s  on th e  N -te rm in a l amino a c id ,  th e  l y s in e s ,
m e th io n in e  and th e  h i s t i d i n e s  have th u s  b een  u n d e rta k e n  and w i l l  be 
d e s c r ib e d  h e r e .
The amino g roups o f  ly s in e  and th e  N -te rm in a l amino a c id  g ly c in e  
have  th e  p o t e n t i a l  to  s e rv e  as i r o n  l ig a n d s  i n  h e m e ry th r in . However, on 
th e  b a s i s  o f  th e  low a f f i n i t y  o f  i r o n  f o r  an amino n i t r o g e n  and w hat i s  
known o f  o th e r  m e ta l lo p r o te in  system s t h i s  p r o b a b i l i t y  i s  low . The 
o b s e rv a t io n  o f  K lo tz  and K eresz tes-N ag y  (1965b) th a t  e x h a u s t iv e ly - s u c -  
c in y la te d  h e m e ry th r in  d is p la y s  a  n a t iv e  h e m e ry th r in  sp ec tru m  a l s o  
s u g g e s ts  t h a t  ly s in e  and th e  N -te rm in a l g ly c in e  a r e  n o t in v o lv e d  in  the  
a c t i v e  c e n te r .  The a c t u a l  number o f  m o d if ie d  amino r e s id u e s ,  how ever, 
was n o t  d e te rm in e d  i n  th e s e  s tu d i e s .  Fan and York (1969) r e p o r te d  
m o d if ic a t io n  o f  e le v e n  amino r e s id u e s  w ith  t r i n i t r o b e n z e n e s u l f o n ic  a c id  
w ith o u t any r e s u l t a n t  lo s s  o f  i r o n  o r  change in  th e  330 my e x t in c t io n  
c o e f f i c i e n t .  They d e c la re d  th a t  t h i s  e l im in a te d  ly s in e  as  a p o s s ib le  
l ig a n d .  T here  a r e ,  how ever, tw e lv e  amino g roups i n  th e  p r o t e i n ,  e le v e n  
l y s in e s  and th e  N -te rm in a l amino a c id .  T hus, th e  r e s u l t s  e l im in a te  a l l  
b u t  one amino group as p o t e n t i a l  i r o n  l ig a n d s .
H em ery th rin  c o n ta in s  6 .7  h i s t i d i n e  r e s id u e s .  The n o n - in te g e r  
v a lu e  i s  th e  r e s u l t  o f  a  v a r i a n t  type  o f  h e m e ry th r in  (H em ery th rin  B) 
fo u n d  in  p o o le d  b lo o d  sam ples i n  w hich h i s t i d i n e  #82 i s  r e p la c e d  by an 
a s p a ra g in e  ( K l ip p e n s te in ,  u n p u b lish e d  o b s e r v a t io n s ) .  I t  i s  presum ed th a t  
t h i s  h i s t i d i n e  can n o t be in v o lv e d  in  th e  a c t iv e  s i t e  o f  th e  m o lecu le  
s in c e  th e  s p e c t r a l  p r o p e r t i e s  o f  th e  h e m e ry th r in  in  w hich i t  i s  a b s e n t 
a r e  th e  same a s  th e  norm al h e m e ry th r in  w ith  se v e n  h i s t i d i n e s .  The r e ­
m a in in g  h i s t i d i n e s ,  how ever, a r e  e x c e l l e n t  l ig a n d  c a n d id a te s .  Model 
compounds show th a t  h i s t i d i n e  h as  a  h ig h  b in d in g  a f f i n i t y  f o r  i r o n  
(V a lle e  and W acker, 1 9 7 0 ). A lso , h i s t i d i n e  i s  known to  b e  a l ig a n d  in
8th e  heme p r o t e i n s ,  cy tochrom e £ ,  hem oglob in  and m yoglobin (M arg o lia sh  and 
S c h e j t e r ,  1966) and in  th e  i r o n  m e ta l lo p r o te in  system  o f  t r a n s f e r r i n  
(Ross e t  a l . , 1968, A asa and  A esen , 1968) and th e  z in c  sy stem s o f  l i v e r  
a lc o h o l  dehydrogenase  and a l k a l i n e  p h o sp h a ta se  (M alstrom  and N e ila n d s , 
1 9 6 4 ).
Fan and York (1969) h av e  s tu d ie d  th e  h i s t i d i n e s  o f  h e m e ry th r in  
th ro u g h  m o d if ic a t io n  w ith  5 - d ia z o - l - H  t e t r a z o l e  (DHT) and i n t e r p r e t  t h e i r  
r e s u l t s  to  s u g g e s t th e  in v o lv em en t o f  fo u r  h i s t i d i n e s  in  th e  a c t iv e  s i t e .
T here  i s  o n ly  one m e th io n in e  in  h e m e ry th r in  b u t s in c e  i r o n  te n d s  
to  show a  h ig h  a f f i n i t y  f o r  s u l f u r  l ig a n d s ,  i t  m ust be c o n s id e re d  as a 
p o s s ib le  l ig a n d .  A lthough  l i t t l e  d a ta  on th e  in v o lv em en t o f  m e th io n in e  
i n  th e  a c t iv e  c e n te r  o f  o th e r  m e ta l lo p r o te in  system s i s  a v a i l a b l e ,  i t  
h as  b een  shown to  be  in v o lv e d  in  th e  heme sy stem  o f  cy tochrom e £  
(M arg o lia sh  and S c h e j t e r ,  1966 ).
The b a s ic  p rem ise  f o r  th e s e  s tu d ie s  i s  th a t  i t  w i l l  be  p o s s ib le  
to  e v a lu a te  th e  r o le  o f  th e s e  d i f f e r e n t  amino a c id  r e s id u e s  in  th e  p ro ­
t e i n ' s  a c t iv e  c e n te r  by e v a lu a t in g  th e  e f f e c t  o f  chem ica l m o d if ic a t io n s  
o f  th e  s id e  c h a in s  o f  p o t e n t i a l  i r o n  l i g a n d s ,  A m o d if ic a t io n  th a t  p ro ­
duces a  change in  th e  a c t i v e  s i t e  w i l l  le a d  to  th e  c o n c lu s io n  th a t  th e s e  
r e s id u e s  a r e  in v o lv e d  i n  i r o n  b in d in g  w h ereas  a  m o d if ic a t io n  th a t  p ro ­
duces no change w i l l  e x c lu d e  r e s id u e s  as p o s s ib le  a c t iv e  s i t e  com ponents. 
I t  i s  commonly assum ed t h a t  th e  a c t iv e  s i t e  i n t e g r i t y  i s  r e f l e c t e d  in  
th e  s p e c t r a l  p r o p e r t i e s  o f  th e  p r o te in  ( R i l l  and K lo tz ,  1970, Fan and 
Y ork, 1969, K eresz tes-N ag y  and K lo tz ,  1 9 6 3 ). T hese p r o p e r t i e s  may th u s  
be  u sed  to  m o n ito r  th e  s t a t e  o f  th e  s i t e .  In  t h i s  work th e  U V -v is ib le  
sp e c tru m  in  th e  300-600 mu ran g e  and th e  c i r c u l a r  d ic h ro ism  sp ec tru m  in  
th e  300-550 mp range  a r e  u sed  f o r  t h i s  p u rp o se . C i r c u la r  d ic h ro ism  in
9th e  190-240 mjj range  i s  u sed  f o r  c o n fo rm a tio n a l a n a ly s i s .
T hree  m o d if ic a t io n  te c h n iq u e s  w hich show some s p e c i f i c i t y  f o r  
amino g roups a r e  m a le y la t io n ,  s u c c in y la t io n  and a m id in a t io n . M ale ic  
a n h y d rid e  s e l e c t i v e l y  r e a c t s  w ith  f r e e  NH2  g ro u p s ( ly s in e  and th e  te rm in a l  
amino a c id )  a t  pH 8 .5 -9 .5  fo rm ing  a  m a ley l am ide bond w ith  a  h a l f  l i f e  
g r e a t e r  th a n  tw enty  weeks a t  37°C ( B u t le r  e t  a l . ,  1 9 6 7 ). T h is  bond i s  
s t a b l e  above pH 6 b u t i s  h y d ro ly z e d  a t  low er p H 's ,  (B u t le r  et_ a l . ,  1 9 6 7 ). 
A lthough th e  n e t  charg e  o f  th e  p r o t e i n  i s  changed by m a le y la t io n ,  t h i s  
may be an ad v an tag e  s in c e  charg e  r e p u ls io n  may su cceed  in  o p en in g  up th e  
m o lecu le  and a llo w  f o r  th e  r e a c t io n  o f  i n t e r n a l  l y s in e s .  Work on m uscle 
a ld o la s e  (S ia  and H o reck er, 1968) and p h o sp h o fru c to k in a se  (Uyeda, 1969) 
h as  d e m o n s tra te d  th e  s u c c e s s f u l  a p p l i c a t io n  o f  t h i s  m o d if ic a t io n  r e a g e n t .
M o d if ic a tio n  by s u c c in y la t i o n  i s  q u i t e  s im i l a r  to  t h a t  by m aley­
l a t i o n .  C a r r ie d  o u t a t  pH 7 -1 0 , a s t a b l e  s u c c in y l  amide bond i s  form ed 
(K lo tz ,  19 6 7 ). The s u c c in y l  group d i f f e r s  from  th e  m a le y l group in  s i z e  
and d eg ree  o f  c o n ju g a tio n . S u c c in ic  a n h y d rid e  i s  l e s s  s e l e c t i v e  th a n  th e  
m a le ic  an h y d rid e  in  th a t  i t  a l s o  r e a c t s  w ith  th e  h y d ro x y l group o f  t y r o ­
s in e  (K lo tz ,  1 9 6 7 ). H owever, th e  s u c c in y l ty r o s in e  l in k a g e  w i l l  h y d ro ly z e  
sp o n ta n e o u s ly  i n  w a te r  (B e z k o ro v ia n i et_ a l . ,  1 9 6 9 ). S u c c in y la t io n  a l s o  
te n d s  to  cau se  s u b u n it  d i s s o c i a t i o n  (K lo tz  and  K e re sz te s -N a g y , 19 6 2 ).
T h is  has  b een  d e m o n stra te d  t o  o c c u r  w ith  h e m e ry th r in  a t  f a i r l y  low l e v e l s  
o f  s u c c in y la t i o n .  S u c c in y la t io n  a l s o  cau ses  changes in  v i s c o c i ty  and 
s e d im e n ta t io n  p r o p e r t i e s  s u g g e s t in g  a  m o le c u la r  ex p an sio n  o r  u n fo ld in g  
(H abeeb, 1958).
A m id in a tio n  i s  a l s o  s p e c i f i c  f o r  f r e e  amino g ro u p s . I t  i s  th e  
m i ld e s t  ch em ica l method o f  m o d if ic a t io n  in  t h a t  th e  a c e ta m id in o  group i s  
sm a ll in  s i z e  and does n o t  change th e  n e t  c h a rg e  o f  th e  p r o t e i n .  B ecause
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o f  th e s e  p r o p e r t i e s ,  a m id in a tio n  I s  n o t e x p e c te d  to  p roduce  any g ro ss  
changes in  th e  c o n fo rm a tio n  o f  th e  p r o t e i n .  TCiat t h i s  i s  th e  ca se  i s  
ev id e n c e d  by th e  f a c t  t h a t  Wofsy and S in g e r  (1962) w ere a b le  to  m odify 
a l l  th e  amino groups i n  r a b b i t  a n t ib o d ie s  w ith  m inim al changes in  t h e i r  
p h y s ic a l  and a n t ig e n ic  p r o p e r t i e s .  R eynolds (1968) was a b le  to  m odify 
a l l  th e  amino groups o f  b o v in e  p a n c r e a t ic  r ib o n u c le a s e .  This p ro ced u re  
in a c t iv a t e d  th e  enzyme b u t i t s  p h y s ic a l  p r o p e r t i e s  rem ained  th e  same and 
i t  co u ld  be  r e a c t iv a t e d  by th e  p ro c e s s  o f  d e a m id in a tio n .
Because th e  bond formed w ith  ly s in e  by each o f  th e se  r e a g e n ts  i s  
s u s c e p t ib le  to  com plete o r  p a r t i a l  c le a v a g e  d u rin g  a c id  h y d r o ly s i s ,  th e  
r e a c t io n  can be  q u a n t i t a t e d  by f u r th e r  m o d ify in g  th e  p r o te in  b e fo re  a c id  
h y d r o ly s i s .  T his can be acco m p lish ed  by r e a c t in g  th e  m o d ified  p r o te i n  in  
th e  p re se n c e  o f  6 M guan id in iu m  c h lo r id e  w ith  l - f l u o r o - 2 ,4 - d in i t r o b e n z e n e  
w hich w i l l  r e a c t  w ith  a l l  th e  unm odified  amino groups to  form a bond 
w hich i s  s t a b l e  to  a c id  h y d r o ly s is .  The r e s u l t a n t  d in i t r o p h e n y l  amino 
a c id s  may be e a s i l y  i d e n t i f i e d  and q u a n t i t a t e d .  Thus by d e te rm in in g  th e  
number o f  d in i t r o p h e n y la te d  amino r e s id u e s ,  i t  i s  p o s s ib le  to  c a l c u la t e  
by d i f f e r e n c e  th o s e  m o d ified  by th e  i n i t i a l  r e a g e n t .
A s c e r ta in in g  th e  r o l e  o f  h i s t i d i n e  i n  th e  a c t iv e  c e n te r  o f  th e  
p r o te i n  by m o d if ic a t io n  i s  more d i f f i c u l t  s in c e  th e r e  a re  no s p e c i f i c  
h i s t i d i n e  m od ify ing  a g e n ts .  B ecause th e  h i s t i d i n e  h a s  a  u n ique  d i s s o c ia ­
t i o n  c o n s ta n t and h e a t  o f  i o n i z a t i o n ,  some In fo rm a tio n  can be o b ta in e d  
th ro u g h  p r o te in  t i t r a t i o n .  T his approach  i s  a l s o  l im i t e d ,  how ever, 
b e c a u se  i t  may o n ly  be used  s u c c e s s f u l ly  w ith  th o s e  h i s t i d i n e s  t h a t  a re  
r e a d i ly  a c c e s s ib le  to  s o lv e n t  in  th e  n a t iv e  o r  s l i g h t l y  u n fo ld ed  p r o t e i n .  
W ith th e  hope th a t  th e  s t r o n g  p o in ts  o f  one te c h n iq u e  w ould r e in f o r c e  th e  
weak p o in ts  o f  th e  o th e r ,  b o th  th e se  ap p ro ach es  w ere used  w ith  h e m e ry th r in . 
P r o te in  t i t r a t i o n s  w ere em ployed to  e v a lu a te  th e  a v a i l a b i l i t y  o f  th e
11
h i s t i d i n e s  i n  th e  n a t iv e  p r o t e i n .  I f ,  upon t i t r a t i o n  o f  th e s e  h i s t i d i n e s ,  
th e  s p e c t r a l  p r o p e r t i e s  o f  th e  p r o t e i n  a re  n o t  changed , th e s e  groups can­
n o t  s e rv e  as i r o n  l i g a n d s .  The m o d if ic a t io n  s t u d i e s ,  f o r  th e  m ost p a r t ,  
em ployed lo d o a c e ta m id e . T h is  p ro c e d u re  a llo w s  f o r  th e  c o n f irm a tio n  and 
e x te n s io n  o f  th e  t i t r a t i o n  r e s u l t s .  Thus i f  i t  w ere p o s s ib le  to  m odify 
r e s id u e s  w hich w ere n o t t i t r a t a b l e  and s t i l l  r e t a i n  th e  p r o p e r t i e s  o f  
th e  a c t iv e  s i t e ,  a d d i t i o n a l  h i s t i d i n e  r e s id u e s  c o u ld  be  ex c lu d e d  as i r o n  
l i g a n d s .  M o d if ic a tio n  o f  th e  h i s t i d i n e s  to  form  s t a b l e  p ro d u c ts  a l s o  
a l lo w s  f o r  t h e i r  i d e n t i f i c a t i o n  in  th e  p r o te in  s t r u c t u r e .
P r o te in  t i t r a t i o n s  have p ro v en  to  be  a  v a lu a b le  t o o l  i n  th e  
e v a lu a t io n  o f  th e  a v a i l a b i l i t y  o f  d i f f e r e n t  r e s id u e s  in  p r o t e i n  sy s te m s . 
Thorough rev iew s o f  t h i s  app ro ach  may be found i n  N ozaki and T anford  
(1967) and T an fo rd  (1 9 6 2 ). T h is app ro ach  h a s  b een  used v e ry  s u c c e s s f u l ly  
i n  s tu d ie s  o f  h em o g lo b in , ly sozym e, r ib o n u c le a s e , and b o v in e  serum  album in  
(N ozaki and T a n fo rd , 1967, J a n s se n  et^ a l . ,  1970 , T anford  ejt a l . ,  1955, 
T a n fo rd , 1962). On th e  b a s i s  o f  th e  d a ta  from  t i t r a t i o n s ,  i t  i s  p o s s ib le  
t o  c a l c u la te  th e  numbers o f  t i t r a t a b l e  groups i n  v a r io u s  pH ra n g e s ,  t h e i r  
h e a t s  o f  i o n i z a t i o n  and t h e i r  i n t r i n s i c  p K 's .  S in ce  h e m e ry th r in  i s  s t a b l e  
th ro u g h o u t an e x te n s iv e  pH ra n g e , i t  sh o u ld  le n d  i t s e l f  w e l l  to  t i t r a t i o n  
s tu d i e s .
As m en tio n ed  p r e v io u s ly ,  ch em ic a l m o d if ic a t io n  o f  h i s t i d i n e  g e n e r ­
a l l y  p ro v es  to  b e  a  d i f f i c u l t  ta s k  b eca u se  o f  th e  la c k  o f  s e l e c t i v e  
r e a g e n ts .  Fan and York (1969) em ployed 5 - d ia z o - l - H - t e t r a z o le  in  t h e i r  
s tu d y  o f  th e  re sp o n se  o f  h e m e ry th r in  to  h i s t i d i n e  m o d i f ic a t io n .  However, 
b e c a u se  o f  th e  c o lo r  o f  th e  m o d ifie d  p ro d u c t ,  th e  e f f e c t  o f  t h i s  re a g e n t 
on  th e  a c t iv e  c e n te r  becom es d i f f i c u l t  to  e v a lu a te  s in c e  changes i n  th e  
i n t e g r i t y  o f  th e  a c t iv e  c e n t e r  a re  o b se rv ed  u s in g  s p e c t r a l  p r o p e r t i e s .
T h is  i s  a ls o  t r u e  o f  th e  m o d if ic a t io n  o f  h i s t i d i n e  w ith  l - f l u o r o - 2 ,4 -
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d in i t ro b e n z e n e .  The r e a c t io n  o f  h i s t i d i n e s  w ith  a -h a lo  a c id s  and t h e i r  
am ides i s  a  more d e s i r a b le  m o d if ic a t io n  te c h n iq u e  in  t h i s  r e g a rd  in  t h a t  
th e  m o d ified  h i s t i d i n e s  have no UV o r  v i s i b l e  a b s o rp t io n .  In  a d d i t io n ,  
th e  c a rb o x y m e th y lh is tid y l bonds a r e  s t a b l e  to  a c id  h y d ro ly s is  and th e  end 
p ro d u c ts  o f  th e  r e a c t io n  can b e  s e p a ra te d  on an amino a c id  a n a ly z e r ,  th u s  
e n a b l in g  one to  s tu d y  th e  q u a n t i t a t i v e  a s p e c ts  o f  th e  r e a c t io n  (G rundlach  
e t  a l . , 1 9 5 9 a).
The a -h a lo  a c id s  and am ides r e a c t  w ith  c y s te in e ,  m e th io n in e  and 
ly s in e  as w e l l  as h i s t i d i n e  (G urd, 1 9 6 7 ). However, c a r e f u l  s e l e c t i o n  o f  
r e a c t io n  c o n d it io n s  in c r e a s e s  th e  s e l e c t i v i t y  o f  th e  r e a c t io n .  The l y ­
s in e  r e a c t io n  may be d e c re a se d  o r  e l im in a te d  by p re l im in a ry  m o d if ic a t io n  
o f  th e  ly s in e s  w ith  s u c c in ic  an h y d rid e  o r  some o th e r  ly s in e  s p e c i f i c  
m o d ify in g  a g e n t. P re l im in a ry  s p e c i f i c  m o d if ic a t io n  o f  th e  c y s te in e  may 
a l s o  be  em ployed. In  h e m e ry th r in ,  how ever, th e  r e a c t io n  o f  c y s te in e  w ith  
a -h a lo  a c id s  and t h e i r  am ides c o n s t i t u t e s  no p rob lem  s in c e  i t  has  a lre a d y  
been  exclu d ed  as an a c t iv e  c e n te r  g ro u p . M eth ion ine  and h i s t i d i n e  rem a in . 
The r e a c t io n  o f  m e th io n in e  w ith  a -h a lo  a c id s  and t h e i r  am ides i s  in d e p en ­
d e n t o f  pH w hereas t h a t  o f  h i s t i d i n e  i s  n o t (G urd, 1967 ). The h i s t i d i n e  
r e a c t io n  i s  fa v o re d  above pH 7 and g r e a t ly  r e s t r i c t e d  below  pH 6 . Thus 
a lth o u g h  th e se  two r e a c t io n s  must be  c o n s id e re d  c o n c u r re n t ly  a t  h ig h  p H 's ,  
th e  m e th io n in e  r e a c t io n  can be  s e p a r a te d  from th e  h i s t i d i n e  r e a c t io n  by 
a l s o  s tu d y in g  th e  r e a c t io n  a t  low pH [v a lu e s  as low as pH 2 may be used  
(G urd, 1 9 6 7 )].
The m e th io n in e  r e a c t io n  i s  n o t  as  e a s i l y  q u a n t i t a t e d  as i s  th e  
h i s t i d i n e  r e a c t io n  s in c e  d e g ra d a tio n  o f  carboxyam idom ethy lm eth ion ine 
o c c u rs  d u rin g  a c id  h y d r o ly s i s ,  p ro d u c in g  a  number o f  p ro d u c ts  in c lu d in g  
m e th io n in e  (G rundlach  e t  a l . ,  1959b). O x id a tio n  o f  th e  u n re a c te d
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m e th io n in e  w ith  p e rfo rm ic  a c id  may be  c a r r i e d  o u t b e fo re  h y d r o ly s i s ,  how­
e v e r .  T h is  c o n v e r ts  th e  m e th io n in e  t o  m e th io n in e  s u lfo n e  w hich  i s  s t a b l e  
to  a c id  h y d ro ly s is  and can  be  s e p a r a te d  on an amino a c id  a n a ly z e r  
(G rundlach  e t  a l . . 1959b, M oore, 1 9 6 3 ). T h is p ro c e d u re  e n a b le s  one to  
c a l c u la te  by d i f f e r e n c e  th e  amount o f  carboxyam idom ethy lm eth ion ine .
T hus, a lth o u g h  c a rb o x y m e th y la tio n  i s  a  com plex r e a c t io n ,  i t  i s  
n o t  w ith o u t a d v a n ta g e s . One can  e x e r c i s e  s e l e c t i v i t y  i n  th e  r e a c t io n  by  
c a r e f u l  c o n t r o l  o f  th e  r e a c t io n  c o n d i t io n s  o r  one may s tu d y  th e  e f f e c t  
o f  th e  c o n c u r re n t  m o d i f ic a t io n  o f  more th a n  one ty p e  o f  r e s id u e .  This 
f l e x i b i l i t y  i s  u s e f u l  i n  s tu d y in g  th e  h e m e ry th r in  sy stem  s in c e  i t  e n a b le s  
one to  s tu d y  b o th  th e  m e th io n in e  and h i s t i d i n e s  a t  th e  same tim e , and y e t  
w ith  m inor changes in  te c h n iq u e ,  i t  e n a b le s  one to  s e p a r a te  th e  r e a c t io n  
o f  m e th io n in e  from  t h a t  o f  h i s t i d i n e .
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METHODS AND MATERIALS 
H em ery th rin  P re p a ra t io n
A nim als w ere o b ta in e d  from  M arine B io lo g ic a l  L a b o ra to ry , Woods 
H o le , M ass. F or each  p r e p a r a t io n  o f  h e m e ry th r in  th e  coelom ic  f l u i d  from  
ab o u t 100 G o lf in g ia  g o u ld i i  was c o l l e c t e d  and k e p t a t  0 ° .  The hem ery­
t h r i n  was p re p a re d  a c c o rd in g  to  th e  method o f  G roskopf et_ a l .  (1 9 6 6 ).
The coelom ic f l u i d  was s t i r r e d  w ith  a  g la s s  rod  to  f a c i l i t a t e  c o a g u la t io n .  
The d e b r is  from  th e  c o l l e c t i o n  p ro c e d u re  was removed b y  f i l t r a t i o n  th ro u g h  
g la s s  w ool. The re d  b lo o d  c e l l s  w ere s e p a ra te d  from  th e  p lasm a and b u f fy  
c o a t by re p e a te d  c e n t r i f u g a t io n  f o r  10 m in u tes  a t  760 g . The b u f fy  c o a t 
was removed w ith  a P a s te u r  p i p e t .  The red  c e l l s  w ere th e n  packed  by cen­
t r i f u g a t i o n  f o r  1 h o u r a t  1000 g and th e  s u p e rn a ta n t  rem oved. A ll  th e s e  
I n i t i a l  o p e ra t io n s  w ere c a r r i e d  o u t in  3.5% NaCl. The c e l l s  w ere th e n  
ly s e d  in  0.4% NaCl. The s o lu b le  h e m e ry th r in  was s e p a ra te d  from th e  c e l l  
d e b r is  by c e n t r i f u g a t io n  a t  27 ,0 0 0  xg f o r  45 m in u te s . The s u p e rn a ta n t  
was d ia ly z e d  a g a in s t  e th a n o l :  0.4% NaCl, 1 :4  ( v / v ) . F iv e  ho u rs  w ere
a llo w ed  f o r  c r y s t a l l i z a t i o n .  The h e m e ry th r in  c r y s t a l s  w ere s e p a r a te d  
from  th e  s o lv e n t  by c e n t r i f u g a t io n  f o r  10 m in u tes  a t  1000 g. The c r y s t a l ­
l i n e  h e m e ry th r in  was w ashed w ith  th e  e th a n o l ,  s a l t  w a te r  s o lu t io n  and 
s to r e d  suspended  i n  t h i s  medium a t  -1 5 ° .
Me theme ry  th  r in
Ih e  m e th em ery th rin  d e r iv a t iv e s  w ere form ed from  th e  o x y h em ery th rin  
c r y s t a l s  which w ere d is s o lv e d  in  0 .1  M T r is  a c e ta te  b u f f e r ,  pH 8 .0 .  P o ta s -
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slum  f e r r ic y a n id e  was added  to  a  c o n c e n tr a t io n  o f  2 .2  moles p e r  m ole o f  
p r o te i n  monomer. The p r o t e i n  was a llo w ed  to  r e a c t  a t  5° f o r  a  minimum 
o f  two h o u rs .  The o x id iz in g  a g e n t was s e p a ra te d  from  th e  p r o t e i n  on a 
Sephadex G-25 column (2 .5  x  26 cm). The e x te n t  o f  c o n v e rs io n  to  m etaquo- 
h e m e ry th r in  was e v a lu a te d  by  i t s  sp ec tru m . V ario u s s a l t  d e r iv a t iv e s  o f  
th e  m e th em ery th rin  w ere  p re p a re d  by  d i a l y s i s  o f  t h i s  p r o te in  o v e rn ig h t 
a g a in s t  0 .1  M s o lu t io n s  o f  th e  d e s i r e d  s a l t .  The c o n c e n tr a t io n  o f  each  
d e r iv a t iv e  was d e te rm in e d  from  th e  a b s o rp t io n  a t  280 my. H em ery th rin  has  
an e x t in c t i o n  c o e f f i c i e n t  o f  2 .5 8  1 /g  cm a t  280 my (Subram anian e t  a l . ,  
1 968 ). T his c o n c e n tr a t io n  was u sed  to  f in d  th e  e x t in c t io n  c o e f f i c i e n t s  
o f  th e  v a r io u s  s a l t  d e r iv a t iv e s  a t  t h e i r  c h a r a c t e r i s t i c  peaks and s h o u l­
d e rs  betw een 300 and 600 my.
H em ery th rin  Monomer
H em ery th rin  monomer was p re p a re d  by r e a c t in g  th e  a p p ro p r ia te  
h e m e ry th r in  form  w ith  a two f o ld  m o lar e x c e ss  o f  p -h y d ro x y m e rc u rlb e n z o a te . 
T h is  m o d if ic a t io n  r e a c t io n  was c a r r i e d  o u t a t  0 °  in  a 0 .025  M sodium  
b o r a te  b u f f e r ,  pH 8 .6 .
A pohem ery thrin
The a p o h em ery th rin  form  was p re p a re d  by p ro lo n g ed  d i a l y s i s  o f  
me theme r y th r i n  monomer (^5x10“ ^ )  a g a in s t  a s o lu t io n  0.1M i n  sodium  phos­
p h a te  b u f f e r ,  pH 8 .3 ,  0 .1  M i n  sodium  d o d e c y ls u l f a te  (SDS) and 0 .1  M in  
d lsod ium  e th y le n e d ia m in e te t r a a c e ta te  (EDTA).
M o d if ic a tio n  o f  th e  L ysine  and N-T erm inal G ly c in e
The same b a s ic  m ethod f o r  m o d if ic a t io n  o f  th e  amino r e s id u e s  was 
u sed  in  a l l  c a s e s .  In  m ost e x p e rim e n ts  th e  p r o te in  was in  i t s  monomer
form . The m e ta z id e h e m e ry th r in  was m o d ifie d  w ith  in c r e a s in g  q u a n t i t i e s  o f  
r e a g e n t c a l c u l a t e d  as m o la r e x c e ss  w ith  r e s p e c t  to  ly s in e .  Upon com ple­
t io n  o f  th e  r e a c t i o n  th e  e x c e s s  re a g e n t was removed by d i a l y s i s  and th e  
m o d ified  p r o t e i n  was exam ined in  th e  300-600 mp ran g e  on th e  Carey 15 
s p e c tro p h o to m e te r .  In  a d d i t i o n ,  th e  c i r c u l a r  d lc h ro ism  o f  some sam ples 
in  th e  300-500 d p  range  was exam ined u s in g  a Cary 60 S p e c tro p o la r im e te r .
The m o d if ie d  p r o t e i n  was th e n  d e n a tu re d  w ith  6 M guan id in iu m  
c h lo r id e  and r e a c t e d  w ith  l - f l u o r o - 2 ,4 - d in i t r o b e n z e n e  to  m odify any r e s i ­
dues t h a t  w ere  u n m o d ified  by th e  i n i t i a l  r e a g e n t .  The r e s u l t i n g  p r o te in  
was d ia ly z e d ,  l y o p h i l i z e d  and s u b je c te d  to  a c id  h y d ro ly s is  f o r  18 h o u rs .  
The h y d ro ly z e d  sam p les  w ere th e n  a n a ly z e d  f o r  e-D N P-lysine on th e  s h o r t  
column o f a  Beckman amino a c id  a n a ly z e r  model 120C as d e s c r ib e d  by Wofsy 
and S in g e r  (1 9 6 3 ) . Amino a c id  s ta n d a rd  s o lu t io n s  c o n ta in in g  e-D N P-lysine 
w ere u sed  to  q u a n t i t a t e  th e  r e s u l t s  o f  th e  a n a l y s i s ,  D N P-glycine was 
d e te rm in e d  s e p a r a t e ly  by p a p e r  ch rom atography .
M a le y la tio n
The p ro c e d u re  fo llo w e d  f o r  m a le y la t io n  was e s s e n t i a l l y  th a t  o f  
S ia  and H o reck e r (1 9 6 8 ). T h e ir  p ro c e d u re  was m o d if ie d  in  t h a t  th e  r e a c ­
t io n  was c a r r i e d  o u t in  0 .0 2 5  M sodium  b o r a te  b u f f e r ,  pH 9 .0 .  In  in ­
s ta n c e s  w here t h e  o c tam er form  o f  th e  p r o te in  was u se d , th e  s o lu t i o n  was 
made lOmM in  m e rc a p to e th a n o l.  The p r o te i n  s o lu t i o n  (0 .4  m o les/m l) was 
p la c e d  i n  a s m a l l  b e a k e r  w ith  a  m a g n e tic  s t i r r e r .  The b e a k e r  was p la c e d  
in  an i c e  b a th  t o  m a in ta in  th e  te m p e ra tu re  a t  0°C . The pH was m o n ito red  
w ith  a  s in g le  m ic ro e le c t ro d e  co n n ec ted  to  a F is h e r  Accumet expanded s c a le  
pH m e te r . M a le ic  an h y d rid e  was d is s o lv e d  in  a c e to n e  to  a  c o n c e n tr a t io n  o f  
0 .0 5  g /m l. The a p p r o p r ia te  c o n c e n tr a t io n  o f  an h y d rid e  (a  two to  t h i r t y
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f o ld  m o lar e x c e ss  w ith  r e s p e c t  to  ly s in e )  was added to  th e  p r o te in  in  
sm a ll am ounts w ith  a  G ilm ont m icro m ete r b u r e t t e  w ith  a  2 .5  ml c a p a c ity  
( s m a l le s t  d iv i s i o n  0 .0 0 1  m l) . The pH was m a in ta in e d  betw een  8 .5  and 9 .5  
by th e  a d d i t io n  o f  2M NaOH. A f te r  each  a d d i t io n  o f  re a g e n t th e  pH was 
a llo w ed  to  s t a b i l i z e  b e fo re  th e  n e x t a d d i t io n  was made. A f te r  th e  r e a c ­
t i o n  was com ple ted  th e  sam ples w ere d ia ly z e d  o v e rn ig h t  a t  5 ° a g a in s t  
e i t h e r  0.025M sodium  b o r a te  b u f f e r ,  pH 9 .0  o r  0 .1  M sodium  a z id e  s o lu t i o n .  
R e s u lts  showed th a t  th e  sodium  a z id e  d i a l y s i s  was p r e f e r a b l e .
Lowry d e te rm in a t io n  o f  p r o te i n  c o n c e n t r a t io n . S ince  th e  280 my 
a b s o rp t io n  o f  th e  m a le y la te d  p r o te in  was n o t a r e l i a b l e  in d e x  o f  th e  
p r o te in  c o n c e n tr a t io n  due to  th e  a b s o rp tio n  o f  th e  m a le y l ly s in e ,  i t  was 
n e c e s s a ry  to  d e te rm in e  p r o te i n  c o n c e n tr a t io n  in  a  d i f f e r e n t  m anner. T h is 
was done e i t h e r  by e s t im a t in g  th e  c o n t r ib u t io n  o f  th e  m a le y l ly s in e  to  th e  
280 my a b s o r p t io n  from  i t s  280 my e x t in c t i o n  c o e f f i c i e n t  o r  by d e te rm in in g  
th e  p r o t e i n  c o n c e n tr a t io n  by  th e  Lowry m ethod as  m o d ified  by Oyama and 
E ag le  (1 9 5 6 ). H em ery th rin  was u sed  a s  a  s ta n d a rd .
S u c c in y la tio n
The b a s i c  p ro c e d u re  f o r  s u c c in y la t i o n  was t h a t  o f  K lo tz  (19 6 7 ).
The p h y s ic a l  c o n d i t io n s  f o r  th e  ex p erim en t w ere th o se  used  in  m a le y la t io n .  
The p r o t e i n  was alw ays c o n v e rte d  to  monomer b e fo re  r e a c t io n .  The r e a c t io n  
was c a r r i e d  o u t e i t h e r  i n  0.025M sodium  b o r a te  b u f f e r ,  pH 8 . 6 , o r  in  0.1M 
sodium  a z id e  s o lu t i o n .  Sm all w eighed am ounts o f  s u c c in ic  an h y d rid e  w ere 
added to  a c h ie v e  th e  d e s i r e d  m o lar e x c e ss  (two to  f i f t e e n  f o ld  w ith  r e s ­
p e c t  to  l y s i n e ) . The pH was k e p t betw een  8  and 9 by th e  a d d i t io n  o f  2M 
NaOH. A f te r  a l l  th e  s u c c in i c  an h y d rid e  had  b een  added and th e  pH had 
s t a b i l i z e d  th e  sam ples w ere  a llow ed  to  s ta n d  a t  0° f o r  30 m in u te s . They
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w ere th e n  d ia ly z e d  o v e rn ig h t  a g a in s t  Q.1M sodium  a z id e  s o lu t io n  a t  5 ° .
A m ld in a tio n
The r e a g e n t ,  m ethy l a c e t im id a te ,  was p re p a re d  in  acc o rd an ce  w ith  
th e  p ro c e d u re  d e s c r ib e d  by Ludwig and H u n te r (1 9 6 7 ). The te c h n iq u e  
em ployed f o r  m o d if ic a t io n  r e a c t io n  was e s s e n t i a l l y  t h a t  o f  Ludwig and 
H un ter (1 9 6 7 ), R eynolds (1968) and Wofsy and S in g e r (19 6 3 ). Both 
h e m e ry th r in  monomer and o c tam er w ere u sed  and in  b o th  ca se s  th e  p r o te in  
was in  0.025M sodium  b o r a te  b u f f e r ,  pH 8 .5 .  Four w e ig te d p o r tio n s  o f  
m e thy l a c e t im id a te ,  in  r e l a t i v e  m olar p ro p o r t io n s  1 : 1 : 1 : 2  w ere n e u t r a l ­
iz e d  w ith  an e q u im o la r  amount o f  2M NaOH and then  added to  th e  p r o te in  
s o lu t io n  w hich was a d ju s te d  to  pH 9 .5 ,  1 0 .0 ,  8 . 8  and 9 .5  f o r  th e  re sp e c ­
t i v e  a d d i t io n s  (Ludwig and H u n te r  1967). The t o t a l  m o lar e x c e ss  o f  
re a g e n t was 100-1000 f o ld  w ith  r e s p e c t  to  ly s in e .  The r e a c t io n  was 
a llo w ed  to  p ro cee d  f o r  30 m in u te s  a f t e r  each  a d d i t io n  o f  r e a g e n t .  The 
pH was c o n t r o l le d  by th e  a d d i t io n  o f s m a l l  amounts o f  2M HC1. A f te r  
th e  r e a c t io n  was com plete  th e  w h ite  p r e c i p i t a t e  th a t  had  form ed was 
removed by c e n t r i f u g a t io n  a t  250 g f o r  15 m inu tes a t  0°C. The m od ified  
h e m e ry th r in  was th e n  d ia ly z e d  a g a in s t  0 . 1 M sodium a z id e  s o lu t i o n .
D in i t r o p h e n y la t io n
The g e n e ra l  d in i t r o p h e n y la t io n  te c h n iq u e  o f  P o r te r  (1957) and 
F ra e n k e l-C o n ra t _et _al. (1955) was em ployed on p r o te in  sam ples c o n ta in in g  
0 .2 - 0 .4  ymoles o f  p r o t e i n .  A ll  o p e ra t io n s  were c a r r i e d  o u t in  th e  d a rk . 
B efo re  d in i t r o p h e n y la t io n  th e  p r o te in  was made 6 M in  g u an id in lu m  c h lo r id e .  
An e q u a l volume o f  5% Na2 C0 3  s o lu t i o n  was th e n  added to  th e  p r o t e i n  and 
th e  pH a d ju s te d  to  9 .0  w ith  2M NaOH. A volum e o f  l - f l u o r o - 2 , 4 - d i n i t r o -
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b en ze n e  ( 1 0 % w /v  In  e th a n o l)  e q u a l to  th e  o r i g i n a l  volume o f  th e  p r o te in  
was th e n  added . The r e a c t io n  m ix tu re  was a llow ed  to  r e a c t  f o r  two hou rs 
a t  room te m p e ra tu re  w ith  c o n s ta n t  s t i r r i n g .  I t  was th e n  a c i d i f i e d  w ith  
HC1 to  p r e c i p i t a t e  th e  p r o te i n .  The e x c e ss  re a g e n t was e x t r a c te d  w ith  
t h r e e  25 ml p o r t io n s  o f  e th e r .  A f te r  th e  e x t r a c t i o n ,  th e  p r o t e i n  was 
d ia ly z e d  a g a in s t  w a te r  i n  th e  c o ld  room o v e rn ig h t .  The sam ples w ere 
ly o p h i l i z e d  and th e n  h y d ro ly z e d  w ith  c o n s ta n t  b o i l i n g  HC1 a t  110°C fo r  
18 h o u r s .  A f te r  h y d r o ly s is  th e  HC1 was e v a p o ra te d  i n  a  vacuum d e s ic c a to r .  
Sodium c i t r a t e  b u f f e r ,  pH 2 .2  (2 .5  m l) was added and th e  r e s u l t a n t  
s o lu t i o n  was a n a ly z e d  on th e  amino a c id  a n a ly z e r .  The amino a c id  
s ta n d a r d  c o n ta in e d  0 .1  ymoles o f  each  amino a c id  and 0 .1  pinoles o f  e-DNP- 
l y s i n e .  The e-D N P -ly sin e  e l u t e s  from  th e  s h o r t  column o f  th e  amino a c id  
a n a ly z e r  im m ed ia te ly  a f t e r  a r g in in e  (Wofsy and S in g e r  1963).
DNP-Glycine A n a ly s is . S ince  D N P-glycine i s  d e s tro y e d  by th e  
above 18 h r .  h y d r o ly s i s ,  i t  i s  n e c e s s a ry  to  a n a ly z e  f o r  i t  in d e p e n d e n tly . 
T h is  may be acco m p lish ed  by u s in g  s h o r t e r  h y d r o ly s is  p e r io d s .  Thus f o r  
t h i s  a n a ly s i s  a  sam ple o f  th e  d in i t r o p h e n y la te d  p r o te in  was h y d ro ly z e d  
a t  1 1 0 “ f o r  4 h o u rs .  The h y d ro ly s a te  was then  e x t r a c te d  th r e e  tim es  
w i th  e t h e r  and th e  e t h e r  la y e r  washed th r e e  tim es  w ith  w a te r .  The 
e t h e r  was a llo w ed  to  e v a p o ra te  and th e  r e s id u e  was d is s o lv e d  i n  0 .5  ml 
o f  e th a n o l .  The sam ple was th e n  a p p l ie d  to  Whatman #3 MM chrom atography  
p a p e r  t h a t  h ad  p r e v io u s ly  been  w ashed w ith  0 .5  M p o ta ss iu m  p h th a l a t e ,  
pH 6 .0  and d r i e d .  The sam ples w ere th e n  chrom atographed  u s in g  a  s o lv e n t  
sy s tem  composed o f  t e r t i a r y  amyl a lc o h o l (p e ro x id e  f r e e )  s a tu r a t e d  w ith  
0 .5  M p o ta ss iu m  p h t h a l a t e ,  pH 6 .0  ( P o r t e r ,  19 5 7 ). The chrom atogram  was 
a llo w e d  to  d ev e lo p  f o r  24 h o u rs . D N P-glycine d is s o lv e d  in  e th a n o l  was 
ru n  a s  a  s ta n d a r d .
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H em ery th rin  T i t r a t i o n s
Ih e  b a s ic  p ro c e d u re  o f  N ozaki and T anfo rd  (1967) and Dyson and 
Noltman (1969) was fo llo w e d  f o r  a l l  t i t r a t i o n s .  P o ta ss iu m  h y d ro x id e  
s o lu t io n s  (C02 - f r e e )  w ere s ta n d a rd iz e d  a g a in s t  p o ta ss iu m  a c id  p h th a la te .  
H y d ro c h lo r ic  a c id  s o lu t i o n  (N H lf-free) was s ta n d a rd iz e d  a g a in s t  th e  b a s e .  
The a c id  and b a s e  s o lu t io n s  w ere made ca rb o n  d io x id e  and ammonia f r e e  by 
b o i l i n g  g la s s  d i s t i l l e d  w a te r  f o r  f i f t e e n  m inu tes and th e n  c o o lin g  and 
s t o r i n g  i t  i n  b o t t l e s  s to p p e re d  w ith  a M allco so rb  tu b e  (M a ll in c k ro d t)  
f o r  th e  ca rbon  d io x id e  and a c i t r i c  a c id  tu b e  f o r  th e  ammonia.
Ih e  p r o te in  was t i t r a t e d  in  a w a te r  ja c k e te d  v e s s e l  a t  5 ° ,  15 
o r  25° un d er a  h u m id if ie d  n i t r o g e n  a tm o sp h e re . The te m p e ra tu re  was 
m a in ta in e d  by a  Tamson o r  Haake w a te r  b a t h .  A s in g le  g la s s  m ic ro ­
e le c t r o d e  (F is h e r  S c i e n t i f i c )  was used  w ith  a F is h e r  Accumet expanded 
s c a le  pH m e te r . P r io r  to  t i t r a t i o n  th e  p r o t e i n  was d ia ly z e d  o v e rn ig h t 
a g a in s t  carbon  d io x id e - f r e e  w a te r .  I t  was th e n  ru n  th ro u g h  an A m b erlite  
MB-3 m ixed bed  r e s i n  to  remove any c o n ta m in a tin g  io n s .  The i s o io n i c  
p r o te in  was a llow ed  to  s ta n d  f o r  two h o u rs  under a  n i t r o g e n  a tm o sp h ere .
The p r o t e i n  c o n c e n tr a t io n  was m easured by i t s  a b s o rp t io n  a t  280 my.
P r o te in  c o n c e n tr a t io n s  w ere a p p ro x im a te ly  1 x lO ^M  f o r  th e  l im i t e d  
range t i t r a t i o n s  and a p p ro x im a te ly  6  x  10-I*M f o r  f u l l  ran g e  t i t r a t i o n s .
The pH m e te r was s ta n d a r d iz e d  a g a in s t  f r e s h ly  p re p a re d  b u f f e r s  
(F is h e r  S c i e n t i f i c )  o f  pH 7 .0 0 ,  4 .0 0 ,  and  10 .00  made w ith  C02  f r e e  w a te r .  
The sam ple  (3  o r  5 m l) was th e n  t r a n s f e r r e d  to  th e  t i t r a t i o n  v e s s e l  and
th e  i s o i o n i c  p o in t  was m easu red . KC1 was added to  r a i s e  th e  io n i c
s t r e n g th  to  0 . 1  y and th e  p r o t e i n  was a llo w e d  to  s ta n d  in  th e  t i t r a t i o n  
v e s s e l  f o r  30 m in u te s . The s ta n d a rd  a c id  and b a s e  w ere d i l u t e d  to  0 .0 5  M
(b a s e , 0 .0 4 5 4  M; a c id ,  0 .0506  M) and made up to  an io n i c  s t r e n g th  o f  0 .1  y
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w ith  KC1. B ase was added to  b r in g  th e  pH o f  th e  p r o te in  to  th e  d e s i r e d  
v a lu e  and i t  was t i t r a t e d  to  pH 4 .5  w ith  a c id .  The' p ro c e d u re  was re v e rs e d  
when th e  b a se  was u se d  as a  t i t r a n t .  D uring  th e  t i t r a t i o n  s m a ll  i n c r e ­
m ents o f  a c id  w ere  added w ith  a  G ilm ont m icro m eter b u r e t .  The pH was 
m easured  a f t e r  each  a d d i t i o n .  F o llo w in g  th e  p r o t e i n  t i t r a t i o n  a  b la n k  
o f  0 .1  y KC1 was t i t r a t e d  w i th in  th e  same pH ra n g e . In  some c a se s  th e  
sp e c tru m  o f  th e  p r o te i n  b e tw een  300 and 600 my was re c o rd e d  a t  th e  lo w er 
l i m i t  o f  th e  t i t r a t i o n  (pH 4 . 5 ) .
F u l l  Range T i t r a t i o n
In  t i t r a t i o n s  o v e r  t h e  f u l l  ra n g e , r e l a t i v e l y  c o n c e n tra te d  p ro ­
t e i n  s o lu t io n s  ( - 6  x  10_lfM) w ere u se d . They w ere made 0 .2  y w ith  KC1 
and t i t r a t e d  w ith  s ta n d a r d  0 . 1  M a c id  and b a s e  s o lu t io n s  made up to  a 
t o t a l  io n i c  s t r e n g t h  o f  0 .2  y w ith  KC1. In  th e  re g io n  o f  d e n a tu r a t io n  
th e  pH was a llo w ed  to  s t a b i l i z e  b e f o r e  a re a d in g  was ta k e n . T his some­
tim e s  in v o lv e d  a  p e r io d  o f  o v e r  an  h o u r .  B efo re  each  o f  th e s e  re a d in g s  
th e  pH m e te r was r e s ta n d a r d iz e d  w ith  f r e s h ly  p re p a re d  b u f f e r .
A pohem ery th rin  T i t r a t i o n s
A pohem ery thrin  s o lu t io n s  w ere d ia ly z e d  f i r s t  a g a in s t  0 .1  M NaCl, 
and th e n  o v e rn ig h t  a g a in s t  C02- f r e e  w a te r .  The p r o te in  s o lu t io n  was 
m ixed w ith  io n  exchange r e s i n  f o r  10 to  15 m in u tes  and th e  r e s i n  th en  
f i l t e r e d  o f f  under n i t r o g e n .  The t i t r a t i o n  p ro c e d u re  was t h a t  u sed  w ith  
th e  n a t iv e  h e m e ry th r in  in  th e  l im i t e d  ra n g e .
T i t r a t i o n s  in  G uanidinium  C h lo rid e
H em ery th rin  was t i t r a t e d  in  d e n a tu r in g  m edia to  f in d  o u t i f
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u n fo ld in g  th e  p r o t e i n  m o lecu le  w ould make more h i s t i d i n e  r e s id u e s  a v a i l ­
a b le  f o r  t i t r a t i o n .  G uanid in ium  c h lo r id e  was th e  i n i t i a l  c h o ic e  o f  a 
d e n a tu r a n t .  S o lu t io n s  o f  1 , 3 and 6  M g u an id in iu m  c h lo r id e  (Mann, u l t r a  
p u re )  w ere  t i t r a t e d  w ith  0 .1  M HC1 a f t e r  b e in g  r a i s e d  to  pH 9 w ith  KOH 
i n  o rd e r  to  o b ta in  c o r r e c t io n  f a c t o r s  f o r  th e  p r o t e i n  t i t r a t i o n s .  F o l­
low ing  t h i s  p r o te in  s o lu t io n s  o f  th e  same g u an id in iu m  c h lo r id e  concen­
t r a t i o n s  w ere t i t r a t e d  un d er th e  same c o n d i t io n s .  In  b o th  c a se s  pH 
re a d in g s  w ere  found to  be  u n s ta b le  and th e  amount o f  t i t r a n t  consumed 
i n  th e  b a s i c  a re a  o f  th e  cu rv e  was c o n s id e r a b le .  To m in im ize t h i s  e f f e c t  
th e  t i t r a t i o n s  w ere c a r r i e d  o u t r a p id l y .  The s p e c t r a  o f  th e  s o lu t io n s  
w ere re c o rd e d  b e fo re  and a f t e r  t i t r a t i o n s  to  pH 5 .0 .
T i t r a t i o n s  in  U rea
B ecause even  u l t r a  p u re  g u an id in iu m  c h lo r id e  had  to o  many 
t i t r a t a b l e  groups in  th e  b a s ic  r e g io n ,  u re a  was u sed  as a d e n a tu r a n t .
I t  was p re p a re d  a t  an  8  m o lar c o n c e n tr a t io n  in  C02  f r e e  g la s s  d i s t i l l e d  
w a te r .  The s o lu t io n  was p a s se d  th ro u g h  th e  a m b e r li te  mixed b ed  io n  
exchange r e s in  and s to r e d  un d er n i t r o g e n .  A s o lu t i o n  o f  th e  8 M u r e a ,
0 .1  p in  KC1 was t i t r a t e d  w ith  HC1 as a  s ta n d a r d .  The t i t r a t i o n  cu rve  
in d i c a te d  t h a t  i t  w ould  be  an  a c c e p ta b le  medium f o r  th e  t i t r a t i o n  s in c e  
th e  c o r r e c t io n  f a c t o r s  w ould b e  s m a l l .  A sp ec tru m  o f  t h i s  s o lu t io n  in  
th e  280-600 mp range  in d i c a te d  th a t  i t  would be  s a t i s f a c t o r y  on t h i s  
b a s i s  as w e l l .  The 8  m olar u re a  s o lu t io n s  w ere th e n  d i l u t e d  w ith  C02  
f r e e  w a te r  and w ith  th e  i s o io n i c  p r o te i n  to  a t t a i n  th e  d e s i r e d  p r o te in  
and u re a  c o n c e n tr a t io n .  The s o lu t io n s  w ere made 0 .1  p in  KC1 and 
t i t r a t e d  w ith  0.1M a c id  o r  b a s e .  A f te r  t i t r a t i o n  th e  s p e c t r a  o f  th e  
sam ples w ere  re c o rd e d  in  th e  300-600 mp ra n g e .
C alculations
The Z v a lu e s  a t  th e  i s o io n ic  p o in t  w ere c a lc u la te d  a c c o rd in g  to
th e  fo rm u la  Z = Cqjj- "  S r ^ ^ P  an{* T anfo rd  1967 ). (Z = n e t  charg e
on th e  p r o t e i n ,  C « c o n c e n t r a t io n ,  P * p r o t e i n . )  At no tim e was t h i s  Z
v a lu e  s i g n i f i c a n t .  The volumes o f  t i t r a n t  added from  th e  i s o io n i c  p o in t
to  any g iv e n  pH w ere c o r r e c te d  in  te rm s o f  th e  b la n k  t i t r a t i o n  and th e
Z v a lu e s  f o r  each pH c a lc u la te d  from  th e  fo rm u la  Z = —5..ac ,^ ^ °-r  k a se
c o n c e n tra t io n
b la n k  c o r r e c t io n )  x m o la r i ty  
p r o te i n  x  volume p r o te in
For th e  f u l l  ran g e  t i t r a t i o n s  th e  fo llo w in g  fo rm u la  was used  to
acco u n t f o r  d i l u t io n s
V x  M -  T X ” T *VKC1^ <VS + VT^V + V S KC1
V _i = volume to  t i t r a t e  0 .2  p 
KC1
V,j, * volume to  t i t r a t e  p r o te in
  M^ , = m o la r i ty  t i t r a n t
Cp Vg = volume p r o te i n  sam ple
Cp = c o n c e n tr a t io n  p r o te in
In  th e  l im i t e d  range  th e  d i l u t i o n  was n o t  s i g n i f i c a n t  a llo w in g  f o r  use
o f  th e  s im p le r  fo rm u la .
H is t id in e -M e th io n in e  M o d if ic a tio n  S tu d ie s
D in i t ro p h e n y la t io n
C om pletely  s u c c in y la te d  m e ta z id e h e m e ry th rin  and n a t iv e  m e ta z id e -  
h e m e ry th r in  in  0.1M sodium  a z id e  s o lu t i o n  w ere r e a c te d  w ith  l - f l u o r o - 2 , 4 -  
d in i tro b e n z e n e  under th e  c o n d i t io n s  d e s c r ib e d  e a r l i e r  e x c e p t t h a t  d en a - 
tu r a t i o n  w ith  g u an id in iu m  c h lo r id e  and th e  a d d i t io n  o f  NaHC0 3  w ere o m itte d . 
B ie r e a c t io n  was c a r r i e d  o u t a t  5° to  p re s e rv e  th e  n a t iv e  c o n f ig u r a t io n .  
A f te r  th e  r e a c t io n  th e  sam ples w ere an a ly z e d  as d e s c r ib e d  e a r l i e r .  The
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d e g re e  o f  h i s t i d i n e  r e a c t io n  was d e te rm in e d  from th e  q u a n t i ty  o f  unmodi­
f i e d  h i s t i d i n e  and th e  n a tu r e  o f  th e  m o d if ic a t io n  ev id en ced  by th e  
p re se n c e  o f  an  im -D N P -h is tid in e  peak  im m ed ia te ly  b e f o r e  ly s in e  (H e n k a rt, 
19 7 1 ).
Carb o x y m ethy la t io n
P re lim in a ry  M o d if ic a t io n . By p re l im in a ry  b lo c k in g  o f  hem ery- 
t h r i n ' s  ly s in e  and c y s te in e  r e s id u e s ,  th e  m o d if ic a t io n  w ith  io d o ace tam id e  
was l im i t e d  p r im a r i ly  to  amino a c id  s id e  c h a in s  o f  h i s t i d i n e  and m eth io ­
n in e .  The c y s te in e  was b lo c k ed  w ith  p -h y d ro x y m erc u rib en zo a te  as d e s ­
c r ib e d  e a r l i e r .  T h is  p ro ced u re  a l s o  c o n v e r te d  th e  p r o te in  to  i t s  monomer 
form . The ly s in e s  w ere b lo c k ed  by s u c c in y la t io n  o r  m a le y la t io n .  A 
s u c c in y la t io n  o r  m a le y la t io n  l e v e l  was s e le c te d  w hich a llow ed  f o r  
m a in ten an ce  o f  m ost o f  th e  n a t iv e  m e ta z id e h e m e ry th r in  spectrum  and was 
a t  th e  same tim e s u f f i c i e n t  to  keep  th e  p r o te in  in  s o lu t io n  d u rin g  th e  
io d o a ce ta m id e  r e a c t io n .  The s u c c in y la t io n  r e a c t io n  was c a r r i e d  o u t as 
d e s c r ib e d  e a r l i e r  e x c e p t t h a t  th e  pH was k e p t be tw een  7 and 8  as opposed 
to  8  and 9 . Q u a n t i t ie s  o f  s u c c in ic  an h y d rid e  4 , 6 , and  8  tim es th e  
p r o t e i n 's  ly s in e  c o n te n t w ere t r i e d .  On th e  b a s i s  o f  th e  sp ec tru m  o f 
th e  s u c c in y la te d  p r o te in  and i t s  s t a b i l i t y  on su b se q u en t carboxyam ido- 
m e th y la t io n , s i x  m oles o f  s u c c in ic  an h y d rid e  p e r  mole o f  ly s in e  in  the  
p r o t e i n  was s e le c te d  fo r  t h i s  p re lim in a ry  m o d if ic a t io n .  For m a le y la t io n ,  
a l e v e l  o f  m a le ic  an h y d rid e  e q u a l on a  m olar b a s i s  to  th e  p r o t e i n 's  
ly s in e  c o n te n t was u sed . The m a le y la t io n  r e a c t io n  c o n d i t io n s  w ere n o t 
changed from th o s e  d e s c r ib e d  e a r l i e r .
M o d if ic a tio n  w ith  Io d o a c e ta m id e . The k i n e t i c s  o f  th e  r e a c t io n  
o f  th e  s u c c in y la te d  o r  m a le y la te d  p r o te in  w ith  io d o ace tam id e  was s tu d ie d .
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The s u c c in y la te d  o r  m a le y la te d  h e m e ry th r in  (1 .5  x 10-t+ M) in  0.1M T r i s  
c a c o d y la te  b u f f e r ,  pH 8 .0  and 0 .1  M in  NaN3  was r e a c te d  w ith  0 .4  M 
io d o a ce ta m id e  a t  30° i n  th e  d a rk . Samples w ere removed a t  v a r io u s  tim es 
betw een z e ro  and 96 h o u rs  fo r  th e  s u c c in y la te d  p r o te in  and zero  and 25 
h o u rs  f o r  th e  m a le y la te d  p r o t e i n .  Each sam ple was ru n  th rough  a 
Sephadex G-25 column (1 .5  x 11 cm) e q u i l i b r a t e d  w ith  0 .0 5  M NaN3  to  
remove th e  e x c e ss  io d o a c e ta m id e . The sp ec tru m  betw een 300 and 600 mu 
and th e  A2 qo o f  each p u r i f i e d  sam ple  was d e te rm in e d . The sam ples w ere 
th e n  d ia ly z e d  a g a in s t  d e io n iz e d  d i s t i l l e d  w a te r .  A f te r  d i a ly s i s  0 .1  
ymoles o f  each  sam ple was ly o p h i l iz e d ,  h y d ro ly z e d  and an a ly z e d  on th e  
amino a c id  a n a ly z e r .  The a c id  h y d ro ly s is  d i f f e r e d  from  th a t  em ployed 
w ith  th e  d in i t r o p h e n y la te d  p r o te in s  in  t h a t  two drops o f  0 .5  M h y d ra z in e  
w ere added to  each tu b e  to  p re v e n t  ty r o s in e  d e s t r u c t io n s  (S anger and 
Thompson, 1963 ). The c a rb o x y m e th y lh is t id in e  d e r iv a t iv e s  p roduced  d u rin g  
a c id  h y d r o ly s is  were q u a n t i t a t e d  as  d e s c r ib e d  by C r e s t f i e ld  e t  a l . , 1963. 
Three c a rb o x y m e th y lh is t id in e  d e r iv a t iv e s  w ere  n o te d : 1 ,  3 -d ic a rb o x y -
m e th y lh i s t id in e  e l u t i n g  abou t 18 m inu tes b e f o r e  a s p a r t i c  a c id ,  1 -c a rb o x y -  
m e th y lh is t id in e  e l u t i n g  w ith  p r o l i n e  and 3 -c a rb o x y ra e th y lh is t id in e  e l u t i n g  
a f t e r  a l a n in e .  The s e r i n e  c a l i b r a t i o n  c o n s ta n t  m u l t ip l ie d  by .955 was 
used  to  q u a n t i t a t e  1 , 3 -d ic a rb o x y m e th y lh is t id in e  and th e  g ly c in e  c a l i b r a ­
t i o n  c o n s ta n t  was u sed  f o r  3 -c a rb o x y m e th y lh is t id in e . The p r o l in e  c o n t r i ­
b u t io n  ( p r o l in e  c a l i b r a t i o n  c o n s ta n t  v a lu e  x 4 x  umoles p r o te in )  was 
s u b t r a c te d  from  th e  co m b in a tio n  p r o l in e  + 1 -c a rb o x y m e th y lh is t id in e  peak 
to  f in d  th e  q u a n t i ty  o f  1 -c a rb o x y m e th y lh is t id in e .  The th re o n in e  c a l i b r a ­
t i o n  c o n s ta n t  v a lu e  was th en  used  f o r  t h i s  d e r iv a t iv e .
A second  0 .1  umole p o r t io n  o f  th e  io d o a c e ta m id e - t r e a te d  s u c ­
c in y la te d  p r o te in  was an a ly z e d  f o r  i t s  i r o n  c o n te n t u s in g  th e  o -p h en an -
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t h r o l i n e  m ethod o f  R i l l  and K lo tz  (19 7 0 ). The c i r c u l a r  d ic h ro ism  o f  
each  sam ple In  th e  190-250 my re g io n  and o f  s e le c te d  sam ples (4 ,  1 8 , 
and 32 h o u rs )  I n  th e  v i s i b l e  re g io n  w ere a l s o  exam ined. A f i n a l  p o r t io n  
o f  each  io d o a c e ta m id e - t r e a te d  s u c c in y la te d  sam ple was o x id iz e d  w ith  
p e r fo rm ic  a c id  a c c o rd in g  to  th e  p ro c e d u re  o f  G rundlach e t  a l .  (1959) and 
Moore (1 9 6 2 ). These sam ples w ere  h y d ro ly z e d  and a n a ly z e d  f o r  m e th io n in e  
s u lfo n e  in  o rd e r  to  d e te rm in e  th e  amount o f  m e th io n in e  m o d if ie d . T his 
was n e c e s s a ry  s in c e  carboxyam idom ethy lm eth ion ine decomposes on h y d r o ly s i s .
A p u re  sam ple o f  a v a r i a n t  o f  G o lf in g ia  g o u ld i i  coelom ic hem ery­
t h r i n  was a l s o  exam ined under th e  same c o n d i t io n s .  T h is v a r i a n t  i s  
d i f f e r e n t  from  th e  m ajo r h e m e ry th r in  component a t  f iv e  s i t e s  in  th e  amino 
a c id  sequence  in c lu d in g  th e  s u b s t i t u t i o n  o f  an  a s p a ra g in e  f o r  h i s t i d i n e  
a t  r e s id u e  82. Sam ples w ere removed o v er a  p e r io d  o f  z e ro  to  36 h o u rs  
o f  r e a c t io n .  The s p e c t r a  i n  th e  300-600 my ran g e  and th e  A2 8 0  w ere 
re c o rd e d . Amino a c id  a n a ly s i s  o f  th e  a c id  h y d ro ly z e d  and th e  o x id iz e d  
a c id  h y d ro ly z e d  sam ples was em ployed to  i d e n t i f y  th e  r e a c te d  h i s t i d i n e s  
and m e th io n in e s .
In  o rd e r  to  s e p a r a te  th e  e f f e c t s  o f  th e  m e th io n in e  r e a c t io n  from 
th o s e  o f  th e  h i s t i d i n e  r e a c t io n ,  th e  ca rb o x y am id o m eth y la tio n  r e a c t io n  
o f  th e  s u c c in y la te d  p r o te in  was a l s o  s tu d ie d  a t  pH 5 .5  u s in g  an  a c e t i c  
a c id -so d iu m  a c e ta t e  b u f f e r  sy s te m . The o th e r  c o n d i t io n s  o f  th e  r e a c t io n  
rem ained  th e  sam e. Samples w ere  removed o v e r  a p e r io d  o f  z e ro  to  26 
h o u r s .  P r e c i p i t a t i o n  o f  th e  p r o t e i n  was o b se rv e d  to  b e g in  a t  6  h o u rs .
The p r e c i p i t a t e  was removed by c e n t r i f u g a t io n  and th e  s o lu b le  p r o te in  
exam ined . As b e f o r e  th e  300-600 my sp ec tru m  and A28q w ere re c o rd e d  and 
th e  m o d ifie d  h i s t i d i n e s  and m e th io n in e s  d e te rm in e d  by amino a c id  a n a ly s i s  
o f  th e  a c id  h y d ro ly z e d  and th e  o x id iz e d ,  a c id  h y d ro ly ze d  p r o te i n .  The
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p r e c i p i t a t e  from  th e  26 h o u r  sam ple v a s  c o l l e c t e d ,  w ashed, and th e n  
s u b je c te d  to  i r o n  a n a ly s i s  f o r  m o d if ie d  r e s id u e s  a s  above. The concen­
t r a t i o n  o f  p r o t e i n  in  th e  p r e c i p i t a t e  used  in  th e  i r o n  a n a ly s i s  was 
d e te rm in e d  by d is s o lv in g  th e  p r e c i p i t a t e  in  3 .0  ml o f  0 .1  M NaOH and 
re a d in g  th e  a b s o rp t io n  a t  280 my. From t h i s  a b s o rp t io n  and a  s ta n d a rd  
cu rv e  o f  280 my a b s o rp t io n  v e rs u s  h e m e ry th r in  c o n c e n tr a t io n  i n  0 .1  M NaOH, 
th e  c o n c e n tr a t io n  o f th e  p r o te in  was d e te rm in e d .
I ro n  A n a ly s is . The method o f  R i l l  and K lo tz  (1970) was em ployed. 
One ml o f  th e  p r o te i n  s o lu t i o n  c o n ta in in g  a p p ro x im a te ly  0 .1  ymoles o f  
h e m e ry th r in  was p la c e d  i n  a g ra d u a te d  c e n t r i f u g e  tu b e .  In  m ost cases  
th e  e x a c t  c o n c e n tr a t io n  o f  th e  p r o te i n  was c a l c u la te d  on th e  b a s i s  o f  
th e  amino a c id  a n a ly s i s  o f  th e  m o d if ie d  h e m e ry th r in . To t h i s  s o lu t io n  
was added 2 .5  ml o f  o -p h e n a n th ro l in e  s o lu t io n  (0.025% in  0.5% H2 S0 i j ) ,
0 .5  ml 10% H2 S0^ and 0 .5  ml 10% hydroxy lam lne  h y d ro c h lo r id e .  The pH o f  
th e  r e s u l t i n g  s o lu t i o n  was a d ju s te d  to  a p p ro x im a te ly  3 w ith  e i t h e r  2M 
sodium  a c e ta t e  o r  10% s u l f u r i c  a c id .  The tu b e s  w ere  th e n  p la c e d  in  a 
b o i l i n g  w a te r  b a th  f o r  20-30 m in u tes  a f t e r  w hich th e  t o t a l  volume was 
b ro u g h t to  5 .0  ml w ith  d e io n iz e d  d i s t i l l e d  w a te r .  The s o lu t io n s  w ere 
th e n  c e n t r i f u g e d  a t  760 xg f o r  15 m in u tes  to  remove th e  p r o te in  p r e c i p i ­
t a t e .  The a b s o rp t io n  o f  th e  s u p e r n a ta n t  a t  510 my was re a d  a g a in s t  a 
b la n k  u s in g  a Beckman DU-2 S p e c tro p h o to m e te r . The i r o n  c o n te n t  was th e n  
o b ta in e d  from  a  s ta n d a rd  c u rv e .
M eth io n in e  A n a ly s is . As m en tioned  p r e v io u s ly ,  s in c e  carboxyam ido- 
m e th y lm eth lo n in e  i s  n o t s t a b l e  to  a c id  h y d ro ly s is  i t  can n o t b e  d e te rm in ed  
d i r e c t l y  by amino a c id  a n a ly s i s  o f  th e  a c id  h y d ro ly z e d  sam p le s . Grund­
la c h  e t  a l .  (1957) d e m o n s tra te d , how ever, t h a t  m e th io n in e  may b e  q u a n t i­
t a t e d  by o x id a t io n  o f  th e  m o d ified  p r o te i n  w ith  p e rfo rm ic  a c id .  This
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c o n v e r ts  th e  u n re a c te d  m e th io n in e  to  m e th io n in e  s u lfo n e  w hich i s  s t a b l e  
to  a c id  h y d r o ly s i s .  The m e th io n in e  s u lfo n e  w hich e l u te s  im m ed ia te ly  
a f t e r  a s p a r t i c  a c id  on th e  lo n g  column o f  th e  amino a c id  a n a ly z e r  may 
be d e te rm in e d  q u a n t i t a t i v e l y  (G rundlach  e t  a l .  1 9 5 7 ). Thus i t  becomes 
p o s s ib le  to  d e te rm in e  by  d i f f e r e n c e  th e  i n i t i a l  amount o f  carboxyam ido- 
m e th y lm e th io n in e . The o x id a t io n  p ro c e d u re  em ployed was b a s i c a l l y  th a t  
o f  Moore (1 9 6 2 ). The p e r fo rm ic  a c id  f o r  th e  r e a c t io n  was p re p a re d  by 
m ix ing  9 p a r t s  o f  fo rm ic  a c id  w ith  one p a r t  hydrogen  p e ro x id e  and 
a llo w in g  th e  s o lu t i o n  to  s ta n d  a t  room te m p e ra tu re  f o r  one h o u r . This 
s o lu t i o n  was th e n  co o le d  to  0° and 2 ml added to  0 .0 5  to  0 .1  ymoles o f  
ly o p h i l iz e d  p r o te i n  i n  a  h y d r o ly s is  tu b e . The r e a c t io n  was a llow ed  to  
p ro c e e d  i n  an  ic e  b a th  f o r  4 h o u rs .  Beckman amino a c id  s ta n d a r d ,  2 .5  
pm oles/m l, ( 1  m l) o x id iz e d  in  th e  same m anner, p ro v id e d  a s ta n d a rd  v a lu e  
f o r  m e th io n in e  s u l f o n e .  H ydrobrom lc a c id  (0 .3  m l) was added a t  th e  end 
o f  4 h o u rs  to  quench th e  r e a c t io n .  The sam ples w ere ta k e n  to  d ry n ess  in  
a  vacuum d e s ic c a to r  u s in g  NaOH as a d e s ic c a n t .  A sm a ll volume o f  fo rm ic  
a c id  was th e n  added and th e  tu b e s  tak en  to  d ry n ess  a g a in .  A cid h y d ro ly s is  
was th e n  c a r r i e d  o u t f o r  24 h o u r s .  The h y d ro ly s a te  was a n a ly z e d  on th e  
lo n g  column o f  th e  amino a c id  a n a ly z e r .
L o c a l iz a t io n  o f  th e  S u c c in y la te d  o r  M a le y la te d  H is t id in e
A sam ple o f  th e  s u c c in y la te d  h e m e ry th r in  u sed  i n  th e  io d o a ce ta m id e  
e x p e rim e n ts  was once a g a in  s u c c in y la te d ,  t h i s  tim e in  6  M g u an id in iu m  
c h lo r id e  u s in g  a  50 f o ld  m o lar e x c e ss  c a l c u la te d  w ith  r e s p e c t  to  ly s in e .  
The r e a c t io n  was c a r r i e d  o u t a t  room te m p e ra tu re .  The o th e r  c o n d i t io n s  
o f  th e  s u c c in y la t io n  r e a c t io n  rem ained  th e  same as th o se  d e s c r ib e d  




a n a ly z e d  on th e  amino a c id  a n a ly z e r .
T ry p t ic  D ig e s t . C om plete ly  s u c c in y la te d  h e m e ry th r in  was made 0 .2  
M in  NHttHC0 3  and  th e  pH a d ju s te d  to  8 .1  w ith  NHijOH. A s o lu t io n  o f  TPCK- 
t r e a t e d  t r y p s in  a t  a  c o n c e n tr a t io n  o f  1  mg/ml was p re p a re d  in  d e io n iz e d  
d i s t i l l e d  w a te r .  The t r y p s in  was added to  th e  p r o te in  a t  a  l e v e l  c o r­
re sp o n d in g  to  0.9% o f  th e  p r o t e i n 's  w e ig h t . The s o lu t i o n  was in c u b a te d  
a t  31° f o r  t h r e e  h o u rs . At th e  end  o f  t h i s  tim e a d d i t io n a l  t r y p s i n  (0.45% 
by w e ig h t)  was added and th e  s o lu t i o n  was in c u b a te d  f o r  an a d d i t io n a l  
h o u r . The s o lu t i o n  was th e n  ly o p h i l iz e d  and ta k e n  up i n  5 ml o f  d e a e ra te d  
0 .1  M NHt(HC0 3 . I t  was a p p l ie d  to  a  Sephadex G-50 column (2 .5  x 208 cm) 
and e l u te d  w ith  0 .1  M NHi,HC0 3  a t  a  flow  r a t e  o f  15-20 m l /h r .  F iv e  ml 
f r a c t i o n s  w ere c o l l e c t e d .  The A2qo each  f r a c t i o n  was re a d  on a 
H i ta c h i  P e rk in -E lm e r s p e c tro p h o to m e te r  u s in g  a G ilso n  a u to m a tic  p ip e t in g  
u n i t .  The p eak  tu b es  from  each  o f  th e  fo u r  f r a c t i o n s  re c o v e re d  w ere 
s u b je c te d  to  amino a c id  a n a l y s i s .
C hym otryp tic  D ig e s t . F r a c t io n  TT 2 o f  th e  t r y p t i c  d ig e s t  con­
ta in in g -  r e s id u e s  50-113 (K lip p e n s te in  e t  a l . , 1968) was c o l l e c t e d  and made 
0 .2  M i n  NH4 HCO3 . The pH was a d ju s te d  to  8 .0  w ith  a c e t i c  a c id .  A 
s o lu t i o n  o f  ch y m o try p sin  ( 1  mg/ml) was added to  th e  p r o te i n  a t  a  concen­
t r a t i o n  0.5% by w e ig h t . T his s o lu t i o n  was in c u b a te d  a t  37° f o r  f iv e  
h o u rs .  At f i v e  h o u rs  th e  same amount o f  ch y m o try p sin  was a g a in  added and 
th e  in c u b a t io n  was c o n tin u e d  f o r  a  t o t a l  o f  18 h o u rs .  The sam ple was 
th e n  ly o p h i l i z e d ,  ta k en  up in  1 ml o f  0 .1  M ammonium a c e t a t e ,  pH 5 .5 ,  
a p p l ie d  to  a  DEAE-Sephadex column (0 .9  x 90 cm) and e lu te d  w ith  a  pH 5 .5  
ammonium a c e t a t e  g r a d ie n t  (0 .1  M to  1M). The tu b e s  w ere re a d  a t  220, 254 , 
and 280 mu. F i f t e e n  f r a c t i o n s  w ere  c o l le c t e d  and a n a ly z e d  f o r  t h e i r  
h i s t i d i n e  c o n te n t .  F r a c t io n s  c o n ta in in g  th e  p e p t id e s  encom passing
30
r e s id u e s  69-80 w ere p o o led  (D g_ i5) .
Iodoace tam ide  M o d if ic a tio n  o f  P e p tid e  D q -n ;. A 0 .9 2  ymole sam ple 
o f  th e  p e p t id e  was a d ju s te d  to  a  c o n c e n tr a t io n  o f  1 .5  x 10-£t M and 
r e a c te d  w ith  io d o ace tam id e  a s  d e s c r ib e d  p r e v io u s ly .  The r e a c t io n  was 
c a r r i e d  o u t a t  40° f o r  50 h o u r s .  The ex ce ss  io d o ace tam id e  was removed 
on a  Sephadex G-15 column (1 -5  x 90 cm). The sam ple was e lu te d  w ith  0 .1  
M NHttHC0 3  a t  a  flow  r a t e  o f  40 m l /h r .  One ml sam ples w ere c o l l e c t e d .
The ab so rb an ce  o f  th e  tu b e s  w ere  re a d  a t  220 , 254 and 280 my. The pep­
t i d e  f r a c t i o n  was c o l l e c t e d ,  ly o p h i l iz e d  and d is s o lv e d  in  1  ml o f  de­
io n iz e d  d i s t i l l e d  w a te r .  A 0 .1  ml sam ple was removed and a n a ly z e d  on
th e  amino a c id  a n a ly z e r .  The rem a in d e r o f  th e  sam ple was made 0 .0 3  M
in  HC1 and h y d ro ly z e d  a t  110° C f o r  12 h o u rs  to  remove th e  s u c c in y l  
g roups from th e  ly s in e s  ( K lip p e n s te in  e t  a l . , 1968 ). A f te r  h y d ro ly s is  
th e  sam ple was b ro u g h t to  d ry n e ss  i n  th e  vacuum d e s ic c a to r  and r e c o n s t i ­
t u t e d  in  2 ml o f  0 .2  M NH4 RCO3 , pH 8 .1 .  I t  was th e n  d ig e s te d  w ith  
t r y p s in  (0 .024  mg enzyme a t  0 h o u rs  and 0 .0 1 2  mg a t  4 h o u rs )  f o r  a  t o t a l  
o f  8  h o u rs . The sam ple was th e n  ly o p h i l i z e d ,  d is s o lv e d  in  0 .5  ml o f  0 .1  
M NH4 HCO3 , and p la c e d  on th e  Sephadex G-15 colum n. I t  was e lu te d  w ith  
0 .1  M NHijHC0 3  a t  a flow  r a t e  o f  7 m l/h r .  One ml f r a c t io n s  w ere c o l l e c t e d .  
The tu b e s  w ere read  a t  220 , 254 and 280 my. Each f r a c t i o n  was c o l l e c t e d ,  
ly o p h i l iz e d ,  h y d ro ly z e d  and a n a ly z e d  on th e  amino a c id  a n a ly z e r .
P e p tid e  maps w ere a l s o  p re p a re d  o f  each  f r a c t i o n .  A 20 A sam ple 
i n  p y r id in e ,  a c e t i c  a c id ,  w a te r  b u f f e r ,  pH 6 .4  (1 3 3 :4 .6 :1 8 6 0  v /v )  was 
a p p l ie d  to  Whatman //3 mm chrom atography  p a p e r  and s u b je c te d  to  h ig h  
v o l ta g e  e l e c t r o p h o r e s i s  (55 V/cra) f o r  1 h o u r and 15 m in u te s . A f te r  b e in g  
a llo w ed  to  d ry ,  th e  sam ples w ere chromatogrammed in  a  1 - b u ta n o l ,  a c e t i c  
a c i d ,  w a te r  s o lv e n t  (4 0 :6 :1 5  v /v )  f o r  16 h o u rs .  The chrom atogram s w ere




M eth em ery th rln  S p e c tra
The v i s i b l e - u l t r a v i o l e t  s p e c t r a  o f  th e  v a r io u s  m e th em ery th rin  
d e r iv a t iv e s  in  p e r c h lo r a te  s o lu t io n s  have been  r e p o r te d  by K e re s z te s -  
Nagy and K lo tz  (1965a) (T ab le  1 ) .  S in ce  th e  p e r c h lo r a te  io n  h as  some 
e f f e c t  on th e  i r o n  s i t e ,  th e  s p e c t r a  o f  th e  aq u o -h y d ro x y , c h lo r id e ,  
f l u o r i d e ,  th io c y a n a te  and a z id e  m e th em ery th rin  form s w ere s tu d ie d  in  
b o th  u n b u ffe re d  and b u f f e r e d  ( 0 .1  M T r is  a c e t a t e ,  pH 8 .0 )  s o lu t io n s  o f  
th e  a p p r o p r ia te  s a l t ,  b u t  i n  th e  ab sen ce  o f  p e r c h lo r a te  io n . The s p e c t r a  
fo llo w e d  th e  g e n e ra l  p a t t e r n  r e p o r te d  by K eresz tes-N ag y  and K lo tz  b u t  
some d i f f e r e n c e s  i n  e x t i n c t i o n  c o e f f i c i e n t s  w ere o b se rv ed  in  b o th  th e  
u n b u ffe re d  and b u f f e r e d  s o l u t i o n s .  The s p e c t r a l  p r o p e r t i e s  o f th e  aquo- 
hydroxy form co rre sp o n d  to  th o s e  r e p o r te d  by D a rn e ll  ejt a l .  (1968) .
The s t a b i l i t y  o f  th e  s p e c t r a  to  te m p e ra tu re ,  ag e , s a l t  concen­
t r a t i o n  and pH was a l s o  s tu d ie d .  Each o f  th e s e  f a c t o r s  was shown to  have 
a  s l i g h t  e f f e c t .  The te m p e ra tu re  e f f e c t  was e v a lu a te d  by ru n n in g  th e  
sp e c tru m  o f  a  m e tf lu o r id e h e m e ry th r in  a t  7° and 22° in  th e  w a te r  ja c k e te d  
c e l l  o f  a Cary Model 15 s p e c tro p h o to m e te r  (T ab le  4 ) .  The h ig h e r  tem pera­
tu r e  cau sed  a  d e c re a se  in  th e  317 m]n and 473 my e x t in c t i o n  c o e f f i c i e n t s .  
The e f f e c t  o f  age was e v a lu a te d  by re ru n n in g  th e  s p e c t r a  o f  th e  f l u o r id e ,  
c h lo r id e ,  th io c y a n a te ,  and a z id e  d e r iv a t iv e s  a f t e r  a  f iv e  day i n t e r v a l ,  
th e  sam ples h a v in g  b een  s to r e d  a t  5 ° . A ll  s p e c t r a  w ere s l i g h t l y  a f f e c te d  
by age b u t  s in c e  no c o n s ta n t  p a t t e r n  o f  change was n o te d ,  th e  d i f f e r e n c e s  
may have been  due to  o th e r  random f a c t o r s .  The u se  o f  0 .1  M v e rs u s  1 M
Table 1
A b so rp tio n  Peaks and E x t in c t io n  C o e f f ic ie n t s  o f  
M eth em ery th rin  D e r iv a t iv e s  in  th e  P re se n c e  o f  P e r c h lo r a te  Io n a
L igand ^ max e ( 1 /cm m ole Fe) ^ max £ (1 /cm  mole Fe) ^ max e ( 1 /cm  mole
n 3' 328 3450 -380 - 2 1 0 0 445 1850
SCN" 330 3450 -368 -2400 452 2550
C l" 330 3450 379 3040 -485 -360
F“ 319 3400 362 2516 -480 - 2 0 0
OH" 317 2790 362 3176
o00I -300
h2o 355 3220 -490 -275
a From K eresz te s -N ag y  and K lo tz  (1 9 6 5 a ) .
Table 2
A b so rp tio n  Peaks and  E x t in c t io n  C o e f f ic ie n t s  o f  M eth em ery th rin  
D e r iv a t iv e s  (0 .1  M S o lu t io n s  o f  th e  A p p ro p r ia te  S a l t )
L igand  A e (1/cm  m ole Fe) A e (1 /cm  mole Fe) A e (1 /cm  m ole Fe)max max max
N3" 326 3260 -368 -2178 447 1750
s c t r 329 3480 -362 -2544 451 2510
C l" 331 2941 378 2652 -480 -311
F" 317 3240 362 2944 -471 -258
oh , h2o 314 3210 351 2920 -470 -286
45*
Table 3
A b so rp tio n  Peaks and E x t in c t io n  C o e f f ic ie n t s  o f  M eth em ery th rin  D e r iv a t iv e s  
(0 .1  M S o lu tio n s  o f  th e  A p p ro p r ia te  S a l t  i n  0 .1  M T r i s  A c e ta te  B u f f e r ,  pH 8 .0 )
L igand ^ max e (1/cm  m ole Fe) ^ max e (1 /cm  mole Fe) * max e (1/cm  mole Fe)
n 3 326 3750 -368 -2500 447 1750
SCN 328 3314 -367 -2242 448 2420
Cl 330 3314 379 2845 -485 -425
F 319 3280 364 2850 -475 -296




A b so rp tio n  P eaks and E x t in c t io n
Temp X mffy e (1 /cm  mole Fe) 
7° 317 3340
22° 317 3250
C o e f f ic ie n t s  o f  M e tf lu o r id e h e m e ry th r in  a t  7° and  22°
* mav e (1/cm  m ole Fe) X mav e (1 /cm  mole Fe) 
363 2830 -473  -262
363 2830 -473  -249
a \
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s o lu t i o n s  o f  th e  s a l t  i n  0 .1  M T r is  a c e t a t e  b u f f e r ,  pH 8 .0  a ls o  p rod u ced  
some v a r i a t i o n  (T ab les  3 , 5 ) .  A gain , th e re  was no c o n s i s t e n t  p a t t e r n  
n o te d .
Changes in  pH w ere most c r u c i a l  w ith  th e  m etaquohydroxyhem ery- 
t h r i n  form  (D a rn e ll  et_ a l . ,  1 9 6 8 ). pH d id ,  how ever, a f f e c t  th e  o th e r  
s p e c t r a  to  some e x t e n t .  S in ce  th e  a c e ta t e  io n  shows no p r o te in  b in d in g  
a f f i n i t y ,  th e  d i f f e r e n c e  betw een th e  s p e c t r a  in  th e  b u f f e r e d  and unb u f­
f e r e d  s o lu t io n s  i s  presum ed to  b e  due to  a  d i f f e r e n c e  i n  pH (T ab le  2 ,  3 ) . 
The 0 .1  M s a l t  s o lu t i o n s  were found to  have th e  fo llo w in g  pH v a lu e s :
NaCl -  5 .9 5 ,  KSCN -  5 .7 5 ,  NaN3  -  9 .1 2  and NaF -  6 .8 5 .
T his work in d i c a te s  a number o f  f a c to r s  can cau se  s l i g h t  v a r i a ­
t i o n s  in  th e  s p e c t r a  o f  th e  v a r io u s  m e th em ery th rin  d e r iv a t iv e s  even  when 
th e r e  i s  no m o d if ic a t io n  o f  th e  p r o t e i n .  T h e re fo re , d i a l y s i s  a g a in s t  
0 .1  M s o lu t io n s  o f  th e  s a l t s  i n  w a te r  was s e le c te d  and was used  in  th e  
p r e p a r a t io n  o f  a l l  o f  th e  v a r io u s  m e th em ery th rin  d e r iv a t iv e s .  A co m p ila ­
t i o n  o f  th e  d a ta  from  18 m e taz id e  sam ples p re p a re d  i n  t h i s  manner from  
th e  d i f f e r e n t  h e m e ry th r in  p r e p a r a t io n s  and e v a lu a te d  on d i f f e r e n t  s p e c t r o ­
p h o to m e te rs  (C ary Model 15 , Beckman DU-2 and P e rk in -E lm e r-H ita c h i 124) 
y ie ld e d  an a v e ra g e  e x t i n c t i o n  c o e f f i c i e n t  o f  3550 cm 1 /m ole Fe ( s ta n d a rd  
d e v ia t io n  1 6 3 .5 )  f o r  th e  326 mu p e a k , 2411 cm 1/m ole Fe ( s ta n d a rd  d e v ia ­
t i o n  1 3 5 .8 ) f o r  th e  368 my s h o u ld e r  and 1813 cm 1 /m ole Fe ( s ta n d a rd  d e v ia ­
t i o n  2 2 8 .0 )  f o r  th e  447 my p eak . The ap o h em ery th rin  h a s  v i r t u a l l y  no 
a b s o rp t io n  i n  th e  ran g e  o f  300-600 my (F ig u re  3 ) .
The c i r c u l a r  d ic h ro ic  p r o p e r t i e s  o f  n a t iv e  m e ta z id e h e m e ry th r in  
w ere  a l s o  exam ined . H em ery th rin  e x h i b i t s  o p t i c a l  a c t i v i t y  in  th e  v i s i b l e  
r e g io n  as In d ic a te d  by i t s  c i r c u l a r  d ic h ro ism  sp ec tru m . The e l l i p t i c -  
i t i e s  in  t h i s  re g io n  f o r  th e  m e ta z id e h e m e ry th r in  m easured on a Cary Model
Table 5
A b so rp tio n  Peaks and E x t in c t io n  C o e f f ic ie n t s  o f  M eth em ery th rin  D e r iv a t iv e s  
(1 .0  M S o lu t io n s  o f  th e  A p p ro p r ia te  S a l t  i n  0 .1  M T r i s  A c e ta te  B u f f e r ,  pH 8 .0
L igand ^ max e (1 /cm  m ole Fe) ^ max e (1 /cm  m ole Fe) ^ max e ( 1 /cm mole
n 3~ 326 3390 -368 -2155 447 1825
SCN" 328 3322 -368 -2462 449 2618
C l" 330 2740 381 3420 -485 -540
F" 317 3352 362 2980 -470 -260
CO
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40
60 s p e c tro p o la r im e te r  may b e  found in  F ig u re  4 . H iis  o p t i c a l  a c t i v i t y  
i n  th e  v i s i b l e  re g io n  i s  due to  th e  i r o n  s i t e  s in c e  i t  i s  l o s t  as th e  
s i t e  i s  d e s tro y e d  ( R i l l  and  K lo tz , 1 9 7 0 ).
The c i r c u l a r  d ic h ro is m  o f  th e  m e ta z id e h e m e ry th rin  in  th e  210-240 
my ran g e  was a l s o  m easured . I t  i s  c o n s i s t e n t  w ith  a h e l i c a l  p r o te in  
s t r u c t u r e  o f  ab o u t 75% h e l i x  in  ag reem en t w ith  th e  r e s u l t s  r e p o r te d  by 
D a m a l l  e t  a l .  (1 9 6 9 ). The e l l i p t i c i t i e s  in  t h i s  r e g io n  f o r  th e  m e ta z id e ­
h e m e ry th r in  and ap o h em ery th rin  can b e  found in  F ig u re  5 . The c i r c u l a r  
d ic h ro ism  o f th e  ap o h em ery th rin  i n d i c a te s  th a t  much o f  th e  h e l i c i t y  i s  
l o s t  when th e  i r o n  i s  rem oved. About one t h i r d  o f  th e  o r i g i n a l  h e l i x  
re m a in s . S in ce  th e  co n fo rm a tio n  o f  ap o h em ery th rin  I s  f a r  removed from  
t h a t  o f  n a t iv e  h e m e ry th r in ,  i t  i s  g e n e r a l ly  u n s u i ta b le  f o r  i n v e s t ig a t io n s  
on th e  a c t iv e  c e n te r  o f  t h e  p r o te i n .
L y sin e  and N -T erm inal G ly c in e  M o d if ic a tio n  S tu d ie s
As was p r e d ic te d  on  th e  b a s i s  o f  i t s  sm a ll s i z e  and ch arg e  p ro ­
p e r t i e s ,  m ethy l a c e t im id a te  was th e  m ost s u c c e s s f u l  a lth o u g h  l e a s t  
r e a c t iv e  amino group m o d ify in g  a g e n t .  A 1000 f o ld  e x c e ss  o f  th e  re a g e n t 
c a l c u la te d  w ith  r e s p e c t  to  ly s in e  was n e c e s s a ry  to  co m p le te ly  m odify th e  
p r o t e i n  in  i t s  monomer fo rm . The co m p le te ly  m o d ified  p r o te in  showed 
e x t in c t i o n  c o e f f i c i e n t s  w hich  w ere n o t  s i g n i f i c a n t l y  d i f f e r e n t  from  th o se  
o f  th e  unm od ified  c o n t ro l  (T ab le  6 ) .  E xam ination  o f  th e  v i s i b l e  c i r c u l a r  
d ic h ro ism  o f  a m id in a ted  sam ple 1  showed th e  a c t iv e  c e n te r  to  be i n t a c t  
(F ig u re  6 ) .  A ll  amino g ro u p s in  th e s e  sam ples w ere shown to  b e  m o d if ie d  
by th e  f a c t  t h a t  no £-D NP-lysine was o b ta in e d  a f t e r  h y d ro ly s is  o f  th e  
m o d if ie d , d in i t r o p h e n y la te d  sam p le . A ll  11 ly s in e s  co u ld  be  d i n i t r o -  
p h e n y la te d  in  th e  unm od ified  sam p les . A 300 fo ld  m olar e x c e ss  o f  m e th y l-














F ig u re  5 C ir c u la r  D ich ro ism  o f  M e ta z id e h e m e ry th rin  and A pohem ery thrin  











E x t in c t io n  C o e f f ic ie n t s  (1/cm  mole Fe) o f  M etaz id eh em ery th rin  
and C om pletely  A m idinated  M e taz id eh em ery th rin  Samples
A max (mp)
326 368 447
Sample 1 3280 2460 1955
A m idinated  Sample 1 3820 2540 1960
Sample 2 3360 2365 1510
A m idinated  Sample 2 3280 2160 1730
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a c e t im id a te  was s u f f i c i e n t  to  modify a l l  b u t  one o f  th e  ly s in e s  in  th e  
p r o t e i n  (T ab le  7 ) .  Thus i t  ap p ea rs  t h a t  m ost o f  th e  ly s in e s  i n  th e  
m o lecu le  a re  r e a d i ly  a v a i l a b l e  f o r  m o d if ic a t io n .  The g ly c in e  re s id u e  
was found to  be  m o d ified  by a  500 f o ld  m o la r e x c e ss  o f  th e  m ethy l a c e t i ­
m id a te . M o d if ic a tio n  may w e l l  have o c c u rre d  a t  lo w er l e v e l s  b u t  only  
t h i s  one was a n a ly z e d  f o r  g ly c in e .
The r e s u l t s  from  s u c c in y la t io n  a r e  n o t as c o n c lu s iv e  a s  th o se  
from  a m id in a t io n  in  th a t  th e y  gave r i s e  to  g r e a t e r  s p e c t r a l  and c i r c u l a r  
d ic h r o ic  v a r i a t i o n  (T ab le  8 , F ig u re  6 ) .  T h is , how ever, i s  n o t  e n t i r e l y  
u n ex p ec ted  in  t h a t  th e  s u c c in y l  group te n d s  to  cau se  c o n fo rm a tio n a l d i s ­
t o r t i o n  o f  th e  p r o te in  due to  i t s  ch a rg e  p r o p e r t i e s .  As n o te d  w ith  
m e th y la c e tim id a te  m o d i f ic a t io n ,  one ly s in e  r e s id u e  was d i f f i c u l t  to  
m o d ify . A m o lar ex cess  o f  from  4 to  6  w ith  r e s p e c t  to  th e  ly s in e  was 
s u f f i c i e n t  to  m odify 1 0  ly s in e s  b u t a 8 - 1 0  f o ld  m o lar ex ce ss  was n e c e s ­
s a ry  to  m odify a l l  e le v e n  (T ab le  9 ) .
M ale ic  an h y d rid e  was th e  l e a s t  s a t i s f a c t o r y  m od ify ing  a g e n t .
W ith th e  p r o t e i n  i n  th e  monomer form , a  th r e e  f o ld  m olar e x c e ss  w ith  
r e s p e c t  to  ly s in e  was s u f f i c i e n t  to  cau se  com plete  m o d if ic a t io n  o f  th e  
ly s in e s a n d  th e  N -te rm in a l g ly c in e .  The sp ec tru m  o f  th e  m o d if ie d  p r o te in  
i n  th e  300-600 rap range showed g r e a t e r  d i s t o r t i o n ,  how ever, th a n  d id  
t h a t  o f  th e  s u c c in y la te d  p r o t e i n .  B ecause o f  th e  in c re a s e d  s e l e c t i v i t y  
o f  t h i s  r e a g e n t ,  one w ould e x p e c t t h a t  d i s t o r t i o n  sh o u ld  b e  ab o u t th e  
same o r  l e s s  th a n  th a t  o b se rv e d  in  s u c c in y la t i o n .  The o b se rv ed  d i f f e r ­
en ce  i n  e x t i n c t i o n  c o e f f i c i e n t s  i s  p resum ab ly  due to  th e  c o n t r ib u t io n  o f  
th e  c o n ju g a te d  m a ley l ly s in e  to  th e  a b s o rp tio n  o f  th e  p r o te in  a t  280 mp. 
The m a ley l am ide g ro u p in g  h a s  been  found to  have an e x t in c t i o n  c o e f f i c i e n t  
o f  308 a t  280 mp (B u tle r  e t  a l . ,  19 6 9 ). When one a llo w s f o r  th e  c o n t r i -
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T able 7
S e q u e n t ia l  M o d if ic a t io n  o f  L ysine  R esidues 
M e ta z id e h e m e ry th r in  (Monomer) w ith  M e th y la c e tim id a te
M olar E xcess M o d ified  . . - „ .  . - „
o (  R eagent L y a in ea  1/cm  " o le  Fe 1 /cm  mole Fe
0 0 3680 1955
100 9 .7 5  3895 1765
300 9 .9  3820 1975
500 1 0 .2 5  3800 1926
1000 1 1 .0  3820 1960
Table 8
E x t in c t io n  C o e f f ic ie n t s  ( l /c m  m ole Fe) o f  M e taz id eh em ery th rin  
and  C om plete ly  S u c c ln y la te d  M e ta z id e h e m e ry th rin  Samples
326
^ max (mu) 
368 447
Sample 1 3360 2310 1832
S u c c ln y la te d  Sample 1 3000 1864 1214
Sample 2 3690 2480 1932
S u c c in y la te d  Sample 2 3020 1995 1284
Sample 3 3400 2170 1820
S u c c in y la te d  Sample 3 3060 1938 1460
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F ig u re  6 : C ir c u la r  D ich ro ism  o f  M e ta z id e h e m e ry th r in , C om pletely  S u cc in -
ly a te d  M etaz id eh em ery th rin  and C om pletely  A m idinated  M etaz ide­
h e m e ry th r in  (300-500 m p). ( M e ta z id e h e m e ry th rin ,
C om plete ly  S u c c in y la te d  M e ta z id e h e m e ry th r in , ----- C om pletely
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T ab le  9
S e q u e n t ia l  M o d if ic a t io n  o f  L y sin e  R esidues  
in  M e ta z id e h e m e ry th r in  (Monomer) w ith  S u c c in ic  A nhydride
M olar Excess M od ified  . . .  ,
o f  R eagent L y sin es  1/cm  “ >le Fe 1 / c m  mole Fe
0 0 3360 1832
2 7 .7 3185 1680
3 8 . 6 3310 1718
4 9 .6 3355 1790
6 9 .5 3295 1648
9 1 0 . 8 3240 1520
1 2 10.96 3000 1214
15 1 1 . 0 2840 1068
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b u t io n  o f  tw e lv e  such  g ro u p s to  th e  280 rap a b s o rp t io n  and e s t im a te s  th e  
p r o te i n  c o n c e n tr a t io n  on th e  b a s i s  o f  280 mp a b s o rp tio n  o r  when a Lowry 
p r o te i n  c o n c e n tr a t io n  i s  u s e d , more r e l i a b l e  e x t in c t i o n  c o e f f i c i e n t s  a re  
o b ta in e d  (T ab le  1 0 ) . The h ig h  326 mp e x t in c t i o n  c o e f f i c i e n t  b a s e d  on th e  
p r o t e i n  c o n c e n tr a t io n  d e te rm in e d  by th e  Lowry m ethod co u ld  w e l l  be  due to  
th e  a b s o rp t io n  o f  th e  m a le y l ly s in e  sy stem  a t  326 mp. The m a le a te  group 
w hich h as  a lo w er 280 mp a b s o r p t io n  th a n  does th e  m aleylam ide group does 
have a b s o rp t io n  a t  326 mp.
B ecause th e  p ro d u c ts  o f  r e a c t io n  w ith  1 and 2 f o ld  m o la r ex c e sse s  
o f  m a le ic  an h y d rid e  w ere n o t  a n a ly z e d  f o r  e-DNP l y s i n e ,  th e  r e s i s t a n t  
l y s in e  n o te d  in  s u c c in y la t io n  and a m id in a tio n  was n o t o b se rv e d . E x tin c ­
t i o n  c o e f f i c i e n t s  o f  a  sam ple  m o d if ie d  w ith  a two f o ld  m o lar e x c e ss  o f  
r e a g e n t ,  how ever, s u g g e s t t h a t  r e a c t io n  i s  n o t  as com plete a t  t h i s  l e v e l  
a s  i t  i s  a t  th e  3 fo ld  l e v e l  (T ab le  31).
These s t u d i e s ,  a l l  done on th e  monomer form  o f th e  p r o t e i n ,  show 
c o n c lu s iv e ly  th a t  n e i t h e r  th e  ly s in e s  n o r  th e  N -te r ra in a l amino a c id  o f 
h e m e ry th r in  a r e  in v o lv e d  i n  th e  a c t i v e  c e n te r  o f  th e  p r o t e i n .  They a l s o  
s u g g e s t  t h a t  one ly s in e  i s  q u i t e  r e s i s t a n t  to  m o d i f ic a t io n .  S tu d ie s  on 
th e  oc tam er form  w ere a l s o  c a r r i e d  o u t .  In  b o th  m a le y la tio n  and am id ina­
t i o n ,  th e  o c tam er was more r e s i s t a n t  to  m o d if ic a t io n  th a n  was th e  monomer. 
E x te n s iv e  m a le y la t io n  o f  th e  o c tam er te n d ed  to  le a v e  0 .5 -1  r e s id u e s  
unm od ified  a t  m o lar e x c e ss  1 0 - 2 0  tim es  th e  ly s in e  c o n c e n tr a t io n  w h ile  
a l l  ly s in e s  w ere m o d ified  w ith  a  3 f o ld  m olar e x c e ss  i n  th e  monomer. 
P a r a l l e l  m o d if ic a t io n  s tu d ie s  by a m id in a tio n  showed m o d if ic a t io n  o f 7 .8  
ly s in e  r e s id u e s  in  th e  monomer and 5 .6  r e s id u e s  in  th e  o c tam er when o th e r  
c o n d i t io n s  o f  r e a c t io n  w ere i d e n t i c a l .  T h is s u g g e s ts  th a t  th e  ly s in e  
w hich i s  d i f f i c u l t  to  m odify in  th e  monomer may be f u r th e r  p r o te c te d  by
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T ab le  10
E x t in c t io n  C o e f f ic ie n ts  (1 /cm /m ole Fe) o f  
M e taz id eh em ery th rin  and C om plete ly  M a le y la te d  M e ta z id e h e m e ry th rin  Samples
^ max
326 368 447
Sample 3544 2310 1890
M a le y la te d  Sample 
(A2 8 0  C one.)
2890 1860 1489
M a le y la te d  Sample 3825 2454 1954
(Lowry Cone. )
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T ab le  11
E x t in c t io n  C o e f f ic ie n ts  (1/cm  mole F e) o f  M etaz id eh em ery th rin  
and P a r t i a l l y  M a le y la te d  M e taz id eh em ery th rin  Samples
 ^ max (“ v)
326 328 447
Sample 3510 2275 1848
M aley la te d
Sample (2X)* 2935 1872 1497
(A280 C one.)
M a le y la te d
Sample (3X)* 2790 1741 1381
(A280 C one.)
*M olar e x c e ss e s  o f  m a le ic  an h y d rid e  c a lc u la te d  w ith  r e s p e c t  to  
l y s in e .
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s u b u n it  i n t e r a c t io n s  and  made even more d i f f i c u l t  to  m odify when th e  
p r o te in  i s  i n  th e  oc tam er form . In  each ca se  w here in c o m p le te  m o d if ic a ­
t i o n  was o b se rv e d , e i t h e r  6 , 7 o r  10 ly s in e s  w ere m o d if ie d . Thus i t  
seems th a t  a p p ro x im a te ly  6 -7  l y s in e s  a re  v e ry  easy  to  m odify and must 
b e  a c c e s s ib le  to  th e  r e a g e n t in  b o th  th e  monomer and oc tam er form .
T hree to  fo u r  ly s in e s  a r e  m o d e ra te ly  r e a c t iv e  and one ly s in e  i s  v e ry  un­
r e a c t i v e .  T h is  l a s t  l y s i n e  i s  made even  more in a c c e s s ib le  to  re a g e n t 
by s u b u n it  i n t e r a c t i o n .
H em ery th rin  T i t r a t i o n s  
F u l l  Range T i t r a t i o n s
E x cep tin g  a r g in i n e ,  th e r e  a r e  43 t i t r a t a b l e  g roups in  h e m e ry th r in . 
One e x p e c ts  to  be  a b le  to  t i t r a t e  ap p ro x im a te ly  24 o f  th e s e  g roups w ith in  
th e  l im i te d  ran g e  o f  pH 4 .5  to  10 i f  a l l  a r e  a v a i l a b l e  (T ab le  1 2 ) .
One can  u se  t h i s  in fo rm a tio n  to  p r e d ic t  th e  e x p ec ted  t i t r a t i o n  
p a t t e r n  fo r  th e  h e m e ry th r in  assum ing  a l l  g roups to  be  a v a i l a b l e .  At th e  
i s o e l e c t r i c  p o in t  o f  th e  p r o t e i n ,  th e  number o f  a c id ic  groups must e q u a l 
th e  number o f  b a s ic  g ro u p s . Groups o th e r  th a n  th e  amino a c id  groups m ust 
b e  c o n s id e re d  ( i . e .  Fe I I I ,  N3 , e t c . ) .  One may e s t im a te  th e  number o f  
t i t r a t a b l e  amino a c id  g roups on each  s id e  o f  th e  i s o io n i c  p o in t  on th e  
b a s i s  o f  th e  in fo rm a tio n  in  T ab le  12 . C o n s id e r in g  th e  pH ran g es  o v e r  
w hich th e  g roups m ight be  ex p e c te d  to  t i t r a t e ,  one may d i s t r i b u t e  th e  
g roups as  fo llo w s  (T ab le  1 3 ) . From t h i s  in fo rm a tio n  a  t h e o r e t i c a l  t i t r a ­
t i o n  cu rve can b e  c o n s tru c te d  (F ig u re  7 ) .  T his f ig u r e  can b e  compared 
w ith  th e  a c tu a l  p lo t  o f  th e  t i t r a t i o n  d a ta  f o r  monomer and oc tam er (F ig u re  
8 ) .  There i s  a  c lo s e  c o r r e l a t i o n  o f  th e  t h e o r e t i c a l  and a c tu a l  f ig u re s  
in  th e  b a s i c  re g io n  from  th e  i s o i o n i c  p o in t  to  pH 9 .8 .  T his i s  n o t  th e
Table 12
T i t r a t i o n  P r o f i l e  o f  H em ery th rin  (pH 4 .5  -  1 0 .0 )
R esid u e  





Asp G lu 
a-COOH ( H e )
No. i n  


















T i t r a t i o n  O bserved  
i n  P r o te in s *5
7 .8  -  8 .3
9 .6  -  9 .8  
9 .1  -  713
9 .0  -  9 .8
5 .5  -  7 .4
4 .3  -  7 .3  
1 - 5
No. E x p ec ted  to  







a  M a rtin  (1964)
^ V a lle e  and  W acker (1970)
Table 13
T h e o r e t ic a l  T i t r a t i o n  o f  R esid u es  in  
H em ery th rin  Monomer and H em ery th rin  Octomer
pH 4 .5 - p I  pH p i-1 0
R esidue Monomer Octom er Monomer Octom er
COOH ( H e )  1 1
A sp, Glu 17 17
Cys 1 (HMB) 1
H is 3 .4  4 .8  3 .7  1 .9
Lys 11 11
NH2  (G ly) 1 1
Tyr__________________     _5__  _5__
T o ta l  22 2 2 .8  2 0 .7  19 .9
F ig u re  7: T h e o re t ic a l  T i t r a t i o n  Curve f o r  H em ery th rin  Monomer and




20 10 0 +10 +20
r
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F ig u re  8 : F u l l  Range T i t r a t i o n  Curve f o r  M e taz id eh em ery th rin  Monomer
and M etaz id eh em ery th rin  Octam er ( m o n o m e r, o c ta m e r) .






ca se  i n  th e  a c id  t i t r a t i o n .  One f in d s  t h a t  b o th  monomer and oc tam er 
t i t r a t e  i d e n t i c a l l y  down to  pH 5 .0  b u t  n o t as  t h e o r e t i c a l l y  p r e d ic te d .  
Fewer h i s t i d i n e s  a r e  t i t r a t e d  th a n  would b e  p r e d ic te d  from  th e  t h e o r e t i ­
c a l  c u rv e . These u n a v a i la b le  h i s t i d i n e s  may be in v o lv e d  i n  th e  a c t iv e  
s i t e .
In  th e  a c t u a l  a c id  t i t r a t i o n  o f  th e  o c ta m e r, d e n a tu r a t io n ,  as 
in d ic a te d  by a  tim e d ep en d en t d r i f t  in  pH, was n o te d  s t a r t i n g  a t  pH 4 .1 9 . 
The tim e n e c e s s a ry  to  e s t a b l i s h  pH s t a b i l i t y  in c re a s e d  to  a  maximum a t  
pH 3 .5 .  By pH 2 .9 8  th e  c h a r a c t e r i s t i c  h e m e ry th r in  amber c o lo r  and th u s  
th e  i r o n  had  b een  co m p le te ly  l o s t .  Only two a d d i t io n a l  g roups w ere 
t i t r a t e d  a f t e r  th e  lo s s  o f  th e  i r o n .  A t o t a l  o f  1 7 .8  g roups w ere 
t i t r a t e d .  In  th e  b a s ic  r e g io n  o f  th e  t i t r a t i o n ,  pH d r i f t  was o b se rv ed  
to  commence a t  pH 1 0 .7 -1 0 .8 .  The amber c o lo r  o f  th e  p r o te in  changed 
d u r in g  th e  t i t r a t i o n  and p r e c i p i t a t i o n  o c c u r re d  b u t  th e r e  was no a p p a re n t 
lo s s  o f  th e  i r o n .  T here was a l s o  no l e v e l in g  o f f  i n  th e  number o f  groups 
t i t r a t e d .  T h is , how ever, i s  g e n e r a l ly  to  b e  e x p e c te d  in  th e  b a s ic  re g io n  
(N ozaki and T a n fo rd , 19 6 7 ).
The i s o i o n i c  p o in t  o f  th e  monomer (6 .7 )  was low er th a n  t h a t  o f  
th e  o c tam er ( 7 .0 )  as  i s  e x p e c te d  s in c e  th e  c y s te in e  i n  th e  monomer had 
b een  m o d if ie d  w ith  p -h y d ro x y m e rc u rib e n z o a te . T hus, th e  m o d if ie d  c y s te in e  
r e s id u e  t i t r a t e s  in  th e  a c i d i c  r e g io n .  In  th e  monomer, d e n a tu r a t io n  
s t a r t e d  a t  pH 4 .7  i n  th e  a c id  re g io n  and pH 9 .8  in  th e  b a s ic  r e g io n .  
Com plete lo s s  o f  th e  i r o n  was a p p a re n t a t  pH 3 .5 .  A t o t a l  o f  2 0 .8  groups 
w ere t i t r a t e d  in  th e  a c id  r e g io n .  A gain , th e  v a lu e  i n  th e  b a s i c  re g io n  
o f  th e  cu rv e  d id  n o t l e v e l  o f f .
A com parison  o f  th e  a c id  t i t r a t i o n  cu rve  o f  monomer to  t h a t  f o r  
o c tam er shows a  d i s t i n c t  d i f f e r e n c e  in  th e  re sp o n se  o f  th e  p r o t e i n  to  th e
a d d i t io n  o f  a c id  to  groups 4 th ro u g h  13 . I t  i s  a p p a re n t ly  much e a s i e r  
to  t i t r a t e  th e s e  groups in  th e  monomer form  th a n  in  th e  o c tam er. The 
l i n e a r ,  h o r iz o n ta l  p o r t io n  o f  th e  cu rv e  in d i c a te s  th a t  fo u r  to  s i x  groups 
a re  in v o lv e d  in  th e  d i f f e r e n c e .  These groups a p p a re n t ly  t i t r a t e  a t  pH
4 .3  to  4 .5  in  th e  monomer and pH 3 .5  to  3 .8  in  th e  o c tam er. One may 
p o s tu la t e  t h a t  t h i s  d i f f e r e n c e  e x i s t s  b e c a u se  th e  env iro n m en t o f  th e  
g roups in  q u e s t io n  in  th e  oc tam er i s  one w hich w ould low er th e  pK 's  o f  
th e s e  g ro u p s. T his co u ld  b e  accom plished  by an env ironm en t o f  low 
p o l a r i t y  o r  an e l e c t r o n  w ith d raw in g  en v iro n m en t such  as w ould e x i s t  i f  
th e r e  w ere s a l t  b r id g e s  betw een th e  g lu ta m ic  o r  a s p a r t i c  a c id  r e s id u e s  
b e in g  t i t r a t e d  and ly s in e  o r  a r g in in e .  The a c id  d e n a tu ra t io n  o f  th e  
o c tam er s t a r t s  a t  abou t pH 4 .2  and t h a t  o f  th e  monomer a t  pH 4 .7 .  The 
i r o n  i s  co m p le te ly  l o s t  a t  pH 2 .9  in  th e  o c tam er and pH 3 .5  i n  th e  
monomer. In  th e  a c id  t i t r a t i o n  o f  th e  oc tam er 1 7 .8  g roups a re  t i t r a t e d  
and 2 0 .8  g roups in  th e  monomer. Both o f  th e s e  v a lu e s  d i f f e r  from  th e  
number p r e d ic te d  in  T ab le 11. The number f a l l s  s h o r t  o f  th e  number o f  
r e s id u e s  one would e x p e c t by 5 .0  f o r  th e  o c tam er and 1 .2  f o r  th e  monomer. 
S u b u n it a n d /o r  l ig a n d  in t e r a c t i o n s  m a in ta in e d  even  in  th e  p re se n c e  o f  
d e n a tu ra t io n  m ight e x p la in  th e  u n a v a i l a b i l i t y  o f  th e s e  g ro u p s .
One may e v a lu a te  th e  b a s ic  t i t r a t i o n  in  a s im i l a r  f a s h io n .  On 
th e  l i n e a r  p o r t io n  o f  th e  cu rv e  th e r e  a re  fo u r  to  s i x  g roups t h a t  a re  
a p p a re n tly  t i t r a t i n g  a t  pH 9 .7  -  9 .9  in  th e  monomer and pH 1 0 .7  -  10 .9  
i n  th e  o c tam er. This a g a in  su g g e s ts  an  e le c t r o n  d o n a tin g  env ironm en t 
w hich would be  p ro v id e d  by th e  c a rb o x y la te -a m in o  i n t e r a c t i o n  su g g e s te d  
p r e v io u s ly .  D e n a tu ra tio n  b e g in s  a t  pH 10 .0  f o r  th e  oc tam er and pH 9 .0 -
9 .5  f o r  th e  monomer. The i r o n  c o lo r  i s  n e v e r  co m p le te ly  l o s t  in  th e  
b a s i c  re g io n  im p ly in g  th a t  none o f  th e  b a s ic  t i t r a t i n g  g roups a re
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e s s e n t i a l  to  th e  I n t e g r i t y  o f  th e  i r o n  s i t e .
T h is  d a ta  r e v e a ls  t h a t  th e r e  a r e  d i s t i n c t  d i f f e r e n c e s  in  th e  
t i t r a t i o n  b e h a v io r  o f  th e  monomer and o c tam er form s o f  h e m e ry th r in  w hich 
r e f l e c t  th e  s t a t e  o f  s u b u n it  a s s o c i a t i o n .  On th e  b a s is  o f  th e  pH re g io n  
In  w hich th e s e  g roups t i t r a t e  th e  l y s i n e ,  a s p a r t i c  a c id  and g lu ta m ic  
a c id  r e s id u e s  a re  m ost l i k e l y  th o s e  in v o lv e d  in  th e s e  d i f f e r e n c e s .  The 
d a ta  i s  co m p a tib le  w ith  a  s a l t  b r id g e  ty p e  o f  i n t e r a c t i o n  betw een th e s e  
r e s id u e s .  I t  i s  a l s o  a p p a re n t t h a t  in  b o th  c a se s  h i s t i d i n e s  a re  t i t r a t i n g  
ab n o rm a lly .
L im ited  Range T i t r a t i o n s
Nine t i t r a t i o n s  i n  th e  l im i t e d  pH ra n g e  o f  4 .5  -  9 w ere c a r r i e d  
o u t a t  25°C. S ince  th e r e  w ere some v a r i a t i o n s  in  th e  r e s u l t s  o f th e s e  
t i t r a t i o n s  e s p e c i a l l y  a t  th e  lo w er pH v a lu e s  th e  r e s u l t s  w ere av e rag ed  
to g e th e r  to  g iv e  th e  cu rv e  shown in  F ig u re  9 .  The p r o t e i n  was found  to  
t i t r a t e  r e v e r s ib ly  i n  th i s  r e g io n .  On th e  b a s i s  o f  t h i s  av e rag e  c u rv e , 
2 .95  r e s id u e s  a r e  t i t r a t e d  be tw een  pH 8 .0  and 5 .0  and 2 .1 5  betw een pH
8 .0  and 5 .5 .  S in ce  o n ly  h i s t i d i n e  w ould n o rm a lly  be e x p e c te d  to  t i t r a t e  
in  t h i s  r e g io n ,  t h i s  s t r o n g ly  s u g g e s ts  th a t  o n ly  two h i s t i d i n e  r e s id u e s  
a re  b e in g  t i t r a t e d .  The sp ec tru m  o f  th e  p r o t e i n  a t  pH 4 .5  was found to  
be t h a t  o f  n a t iv e  h e m e ry th r in  in  th e  300-600 mp ra n g e .
The acc u racy  o f  th e s e  r e s u l t s  was checked  by t i t r a t i n g  b o v in e  
serum  album in  un d er th e  same p h y s ic a l  c o n d i t io n s .  An io n i c  s t r e n g th  o f  
0 .1 5  u was s e le c te d  so  th a t  th e  r e s u l t s  co u ld  be  com pared w ith  th o s e  o f  
T an fo rd  (1 9 5 5 ). TVo sam ples w ere t i t r a t e d .  A gain a  s m a l l  v a r i a t i o n  in  
r e s u l t s  was o b se rv ed  b u t  th e  c o r r e l a t i o n  w ith  th e  T an fo rd  d a ta  was good, 
le n d in g  c red en ce  to  th e  h e m e ry th r in  r e s u l t s .  C a l ib r a t io n  o f  th e  m ic ro -
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F ig u re  9 : T i t r a t i o n  C urves f o r  M e taz id eh em ery th rin  (pH 4 .5 - 9 .0 )  (5° 15®




m e te r  s y r in g e s  showed t h a t  i t  h ad  l o s t  some p r e c i s io n  making i t  th e  m ost 
p ro b a b le  cau se  o f  th e  s l i g h t  v a r ia n c e  o b se rv e d . The s ta n d a rd  d e v ia t io n  
in  Z v a lu e s  ran g ed  from  a  minimum o f  0 .0 5  to  a  maximum o f  0 .3 6 .
A more a c c u r a te  e s t im a te  o f  th e  numbers o f  h i s t i d i n e s  t i t r a t e d  
may be made on th e  b a s i s  o f  th e  h e a ts  o f  io n i z a t i o n  o f  th e  t i t r a t a b l e  
r e s id u e s .  They may be  c a l c u la te d  from  th e  change in  pH w ith  te m p e ra tu re  
a t  a  c o n s ta n t  Z v a lu e  a c c o rd in g  to  th e  fo llo w in g  fo rm u la  (N ozaki and 
T an fo rd  (1 9 6 7 )) :
Q = 2 . 303 RT2
H is t id in e  r e s id u e s  g e n e r a l ly  a re  o b se rv e d  to  have a h e a t  o f  io n i z a t io n  o f  
7 k c a l ;  amino r e s id u e s  ( ly s in e  and th e  N te rm in a l  g ly c in e ) ;  11 k c a l ,  and 
c a rb o x y l r e s id u e s  ( a s p a r t i c  and g lu ta m ic  a c id ) ;  1 k c a l  (M a rtin , 1 9 6 4 ).
In  o rd e r  to  e x p e r im e n ta l ly  d e te rm in e  th e s e  v a lu e s  i n  h e m e ry th r in ,  
a  number o f  l im i t e d  ran g e  t i t r a t i o n s  (pH 4 .5  -  9 .0 )  w ere c a r r i e d  o u t a t  
5 ° ,  15° a s  w e l l  a s  a t  25°C. The r e s u l t s  o f  t i t r a t i o n s  a t  each tem pera­
tu r e  w ere a v e ra g ed  to g e th e r  and a re  in c lu d e d  in  F ig u re  9 . The v a lu e s  
f o r  ( 6 pH /6 T )z w ere p l o t t e d  and th e  s lo p e s  o f  th e s e  l i n e s  c a lc u la te d  and 
u sed  to  f in d  maximum and minimum v a lu e s  f o r  th e  h e a ts  o f  io n i z a t i o n .
These c a l c u la t io n s  r e s u l t e d  in  F ig u re  10 w hich s u g g e s ts  t h a t  betw een  one 
and two h i s t i d i n e s  a r e  t i t r a t e d  and th a t  th e y  t i t r a t e  a t  a h ig h  pH 
(6 .5  -  8 . 6 ) (F ig u re  1 1 ) .
A lthough  one sh o u ld  be a b le  to  c a l c u la te  th e  i n t r i n s i c  pK’s o f 
th e  h i s t i d i n e s  a c c o rd in g  to  th e  fo rm u la
lo® T“T"o " PH = PKint ~ °*868WZ °  "  n
in  t h i s  c a se  no re a s o n a b le  r e s u l t s  w ere  o b ta in e d .  T his fo rm u la , how ever, 
i s  o n ly  a p p l ic a b le  w here th e  number o f  r e s id u e s  t i t r a t e d  i s  c o n s id e ra b ly  
g r e a t e r  th a n  th e  one to  two t i t r a t e d  i n  h e m e ry th r in . The p r e c i s io n  o f
F ig u re  10: H eats  o f I o n iz a t io n  f o r  R es id u es  T i t r a t i n g  Between pH 4 .5 - 9 .0 .







F ig u re  11 : pH Range f o r  H is t id in e  T i t r a t i o n  as D eterm ined  from  H ea ts
o f  I o n iz a t io n .





th e  te c h n iq u e  does n o t a llo w  f o r  c a se s  w here Z app ro ach es n a s  i t  does 
i n  h e m e ry th r in .
On th e  b a s is  o f  th e  h ig h  a p p a re n t pK o f  th e  t i t r a t a b l e  h i s t i d i n e  
r e s id u e s ,  i t  ap p ea rs  t h a t  th e y  a r e  in  an e l e c t r o n  w ith d raw in g  a re a  o f  
th e  p r o te in .  In  term s o f  p rim ary  s t r u c t u r e  t h i s  may im p lic a te  r e s id u e s  
#77, #73 and #25. O th er h i s t i d i n e s  may be  found in  such an  env ironm en t 
i n  th e  t e r t i a r y  s t r u c t u r e  o f  th e  n a t iv e  m o lecu le .
T i t r a t i o n s  i n  a  D en a tu rin g  Medium
An a t te m p t was made to  t i t r a t e  a d d i t io n a l  h i s t i d i n e s  i n  a  de­
n a tu r in g  medium. G uanidinium  c h lo r id e  was th e  i n i t i a l  ch o ice  o f  th e  
d e n a tu r a n t .  W ith b o th  th e  p r o te in  and b la n k  s o lu t i o n s ,  how ever, pH 
re a d in g s  w ere found to  b e  u n s ta b le  and th e  amount o f  t i t r a n t  consumed in  
th e  b a s ic  a r e a  o f  th e  cu rv e  c o n s id e r a b le .  I n i t i a l l y  a z id e  s o lu t io n s  w ere 
em ployed b u t th e  a z id e  l ig a n d  was found to  exchange f o r  th e  c h lo r id e  
l ig a n d  p r e s e n t  in  h ig h  c o n c e n tr a t io n  from  th e  g uan id in ium  c h lo r id e .  The 
sp ec tru m  o f  th e  h e m e ry th r in  was m a in ta in e d  in  3M g uan id in ium  c h lo r id e  
s o lu t io n  b u t  l o s t  in  th e  6M s o lu t i o n .  The same was found to  b e  t r u e  when 
th e  c h lo r id e  form  o f th e  p r o te i n  was t i t r a t e d .
B ecause o f  la rg e  g u an id in iu m  c h lo r id e  t i t r a t i o n  c o r r e c t io n  v a lu e s ,  
th e  e v a lu a t io n  o f  th e s e  p r o t e i n  t i t r a t i o n s  i s  d i f f i c u l t .  In  3M g u a n id in ­
ium c h lo r id e  s o l u t i o n s ,  5 .5  g roups a r e  a p p a re n tly  t i t r a t e d  i n  m e tc h lo r id e -  
h e m e ry th r in  and 6 .7  in  th e  m e ta z id e h e m e ry th r in  betw een pH 5 .0  and 8 .0 .  
(F ig u re  1 2 ) . A llow ing f o r  n o rm a l iz a t io n  o f  th e  amino group and some o f  
th e  g lu ta m ic  and a s p a r t i c  a c i d s ,  th e  number o f  h i s t i d i n e s  s t i l l  a p p e a rs  
to  be ap p ro x im a te ly  2 . The r e s u l t s ,  how ever, a re  app ro x im ate  b e c a u se  o f  
th e  la rg e  number o f  t i t r a t i n g  g roups p r e s e n t  in  th e  guan id in iu m  c h lo r id e
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F ig u re  12: T i t r a t i o n  Curves f o r  M e ta z id e h e m e ry th r in  and M e tc h lo r id e -
h e m e ry th r in  i n  3M G uanidinium  C h lo r id e .
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and th e  i n s t a b i l i t y  o f  pH r e a d in g s  e n c o u n te re d  i n  t h i s  medium.
Urea s o l u t i o n s  w ere th e n  s e l e c t e d  as th e  d e n a tu r a n t  o f  c h o ic e .  
Three t i t r a t i o n s  o f  m e ta z id e h e m e ry th r in  i n  4M u r e a  w ere c a r r i e d  o u t  from 
pH 4 .5  -  9 .0 .  The r e s u l t s  were v i r t u a l l y  i d e n t i c a l  and w ere  co n g ru en t  
' w i th  th e  com posite  r e s u l t  o f  t h e  m e ta z id e h e m e ry th r in  t i t r a t i o n s  a t  25°
from  pH 8 .0  t o  6 .5  (F ig u re  1 3 ) .  Below pH 6 .5  more groups w ere a p p a r e n t ly  
t i t r a t e d  i n  th e  u re a  d e n a tu re d  p r o t e i n  th a n  i n  t h e  n a t i v e  p r o t e i n .  These 
g roups a r e  most p ro b a b ly  g lu ta m ic  and a s p a r t i c  a c i d  r e s i d u e s .  The s p e c t r a  
o f  t h e  sam ples  b e f o r e  and a f t e r  t i t r a t i o n s  w ere abou t t h e  same (T ab le  1 4 ) .  
The s p e c t r a l  s h i f t  i n  th e  m e ta z id e h e m e ry th r in  s h o u ld e r  (368 mu) a p p a r e n t ly  
r e s u l t s  from some rep la c e m e n t  o f  th e  a z id e  l i g a n d  w i th  w a te r .  The c i r ­
c u l a r  d ic h ro i s m  o f  th e  sam ple i n d i c a t e s  t h a t  th e  c o n fo rm a t io n  and p e r c e n t  
o f  h e l i x  i s  t h a t  o f  th e  n a t i v e  p r o t e i n .  A f te r  rem oval o f  t h e  u r e a  by 
d i a l y s i s ,  a  p o r t i o n  o f  th e  p r o t e i n  p r e c i p i t a t e s  b u t  th e  rem a in d e r  r e t a i n s  
a  good sp ec tru m . The t i t r a t i o n  r e s u l t s ,  p r e c i p i t a t i o n  and l i g a n d  ex­
change i n d i c a t e  t h a t  th e  u r e a  does cause  some change i n  th e  p r o t e i n ' s  
c o n fo rm a tio n  b u t  t h i s  change does n o t  a f f e c t  th e  h e l i c a l  c o n fo rm a t io n .  
These r e s u l t s  i n  c o n ju n c t io n  w i th  th o s e  o f  th e  ap o h e m e ry th r in  s t u d i e s  
s u g g e s t  t h a t  th e  i r o n  may b e  e s s e n t i a l  f o r  m a in tenance  o f  th e  h e l i x .
T i t r a t i o n s  o f  metaquo and m e tc h lo r id e h e m e ry th r in  i n  u r e a  s u g g e s t  
t h a t  th e s e  two forms o f  t h e  p r o t e i n  a r e  much l e s s  s t a b l e  i n  u r e a  th a n  i s  
th e  a z id e  form . There i s  a  d i s t i n c t  change i n  th e  s p e c t r a  o f  t h e s e  forms 
o f  th e  p r o t e i n  on t i t r a t i o n .  S in c e  th e  w a te r  and c h l o r i d e  l i g a n d s  a r e  
a p p a r e n t ly  l e s s  t i g h t l y  bound to  th e  i r o n  (K ere sz te s -N ag y  and K lo tz ,
1965a) i t  may be t h a t  th e y  s t a b i l i z e  t h e  i r o n  s i t e  and i t s  p r o t e i n  l i g a n d s  
l e s s  and th e re b y  a l lo w  f o r  g r e a t e r  d i s t o r t i o n  o f  th e  p r o t e i n  by u r e a .
R e s u l t s  o f  th e  t i t r a t i o n  o f  m e ta z id e h e m e ry th r in  i n  5M and 6 M u re a
F ig u re  13: T i t r a t i o n  Curves f o r  M e taz id eh em ery th r in  i n  4M Urea.
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T a b le  14
E x t i n c t i o n  C o e f f i c i e n t s  (1 /cm /m ole  Fecm) o f  M e ta z id e h e m e ry th r in  i n  Urea
X max M  
326 368 447
4M Urea
pH 7 .2 3655 2496 1690
pH 5 3473 2725 1445
A f te r  D ia l y s i s 3485 2711 1557
5M Urea
pH 7 .2 3372 2443 1504
pH 5 3500 2845 1364
A f te r  D ia l y s i s 3307 2525 1455
6 M Urea
pH 7 .2 3384 2486 1512
pH 5 3096 2640 952
A f te r  D ia l y s i s 3325 2575 1405
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a r e  much l i k e  th o se  i n  4M s o l u t i o n s .  In  t h e  6 M s o l u t i o n  a  r a t h e r  d i s ­
t i n c t  change in  s p e c t r a l  shape  i s  e v id e n t  a f t e r  th e  t i t r a t i o n .  I t  i s  
p o s s i b l e ,  how ever, to  d i a ly z e  o u t  t h e  u r e a  i n  b o th  c a s e s  and s t i l l  r e t a i n  
a  good p o r t i o n  o f  n a t i v e  sp ec tru m  even  w i th o u t  th e  a d d i t i o n  o f  more a z id e  
i o n  (T ab le  1 4 ) .
A pohem ery th rin  T i t r a t i o n s
IVo sam ples o f  a p o h e m e ry th r in ,  one p r e p a r e d  i n i t i a l l y  from  m et- 
c h l o r i d e ,  t h e  o th e r  f o r  m e taquohydroxyhem ery th r in  w ere  examined by  
c i r c u l a r  d ic h ro is m  and by t i t r a t i o n .  The c i r c u l a r  d ic h ro i s m  s t u d i e s  
showed t h a t  th e  two s p e c i e s  w ere  s i m i l a r  to  each  o t h e r  i n  te rm s o f  p e r ­
c e n t  h e l i c i t y  and t h a t  th e  p e r c e n t  h e l i c i t y  was a p p ro x im a te ly  one t h i r d  
t h a t  found i n  n a t i v e  h e m e ry th r in  (F ig u re  5 ) .
Three  t i t r a t i o n s  were c a r r i e d  o u t  (F ig u re  1 4 ) .  The cu rv e s  from 
two in d e p e n d e n t  t i t r a t i o n s  o f  t h e  ap o h em ery th r in  d e r iv e d  from metaquo­
hydroxyhemery t h r i n  a re  v i r t u a l l y  c o n g ru e n t .  One o f  t h e s e  t i t r a t i o n s  was 
a  s im p le  t i t r a t i o n  o f  t h e  p r o t e i n  from i t s  i s o e l e c t r i c  p o i n t  to  pH 5 , th e  
o t h e r  in v o lv e d  t i t r a t i o n  to  t h e  p o i n t  o f  p r e c i p i t a t i o n ,  back  t i t r a t i o n  
to  pH 9 .9  and  th en  t i t r a t i o n  a g a in  t o  pH 5 . The t h i r d  t i t r a t i o n  was o f  
ap o h e m e ry th r in  d e r iv e d  from m e tc h lo r id e h e m e ry th r in .  N ine r e s id u e s  were 
t i t r a t e d  be tw een  pH 8  and 5 .5  i n  th e  c h l o r i d e  d e r iv e d  ap o h em ery th r in  
sam ple and 8 .7 5  i n  th e  two aquohydroxy d e r iv e d  ap o h em ery th r in  sam p le s .
Both th e s e  v a lu e s  a l lo w  f o r  t h e  t i t r a t i o n  o f  a l l  6 .7  h i s t i d i n e s ,  t h e  
amino group and some a s p a r t i c  and g lu ta m ic  r e s i d u e s .  In  a l l  t h r e e  sam ples 
t h e  a p o p r o te in  p r e c i p i t a t e d  a t  pH 7 .6 8  -  7 .8 8 .  I t  was p o s s i b l e  t o  r e s o l u -  
b i l i z e  t h e  a p o p r o te in  by i n c r e a s i n g  the  pH t o  9 .7  -  9 .9  and to  r e t i t r a t e  
r e v e r s i b l y  to  th e  p o i n t  o f  p r e c i p i t a t i o n .  However, i f  th e  a p o p r o te in  was
F ig u re  14: T i t r a t i o n  Curves f o r  A pohem ery thrin .
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t i t r a t e d  to  pH 5 I t  was n e c e s s a r y  to  i n c r e a s e  th e  pH to  1 0 .8  t o  b r i n g  I t  
back  i n t o  s o l u t i o n .  The pH a t  w hich p r e c i p i t a t i o n  o c c u rs  i s  i n  th e  range 
w here th e  h i s t i d i n e s  a r e  t i t r a t i n g .  The f a c t  t h a t  t h e  a p o p r o te in  t i t r a t e d  
th ro u g h  t h i s  r e g io n  have  d i f f e r e n t  s o l u b i l i t y  p r o p e r t i e s  th a n  th e  apo­
p r o t e i n  w hich i s  p r e c i p i t a t e d  a t  pH 7 .8  b u t  n o t  t i t r a t e d  to  th e  low er pH 
s u g g e s t s  t h a t  th e  t i t r a t i o n  o f  h i s t i d i n e  i s  r e s p o n s ib l e  f o r  th e  change 
i n  s o l u b i l i t y  p r o p e r t i e s .
A lthough th e  t i t r a t i o n  r e s u l t s  o f  th e s e  two d i f f e r e n t  h e m e ry th r in s  
a r e  g r o s s l y  s i m i l a r ,  d i f f e r e n c e s  do e x i s t  as  i s  e v id e n t  from F ig u re  14. 
These d i f f e r e n c e s  s u g g e s t  t h a t  th e  ap o h em ery th r in s  a r e  a  m ix tu re  o f  d i f ­
f e r e n t  c o n fo rm a t io n a l  s t a t e s  g i v i n g  r i s e  to  th e  d i f f e r e n c e s  i n  b e h a v io r .  
This  c o n t e n t io n  i s  s u p p o r te d  by th e  v a r i a n c e  i n  t h e  190-240 mp c i r c u l a r  
d ic h ro i s m  s t u d i e s  o f  th e  two sam ples  (F ig u re  5 ) .  However, th e  t i t r a t i o n  
r e s u l t s  do d e m o n s tra te  t h a t  i n  a  h e m e ry th r in  form la c k in g  i n  i r o n  and 
w i th  a  co n fo rm a tio n  o t h e r  th a n  n a t i v e ,  th e  h i s t i d i n e s  a r e  a v a i l a b l e  f o r  
t i t r a t i o n .  The ap o h em ery th r in  s t i l l  p o s s e s s e s  some h e l i x  and th e r e f o r e  
h a s  some seco n d a ry  s t r u c t u r e .  I t  i s  r e l a t i v e l y  u n s t a b l e ,  how ever, and 
in  i t s  i s o i o n i c  form , p r e c i p i t a t e s  on s t a n d i n g .
H i s t i d i n e  and M eth io n in e  M o d if ic a t io n  S tu d ie s
The h e m e ry th r in  t i t r a t i o n  s t u d i e s  s u g g e s t  t h a t  one to  two h i s t i ­
d in e s  a r e  a v a i l a b l e  f o r  t i t r a t i o n  and th u s  a r e  n o t  in v o lv e d  i n  i r o n  
b in d in g .  This  e s t i m a t io n  o f  h i s t i d i n e  a v a i l a b i l i t y  was con firm ed  by th e  
d i n i t r o p h e n y l a t i o n  o f  n a t i v e  and co m p le te ly  s u c c i n y l a t e d  h e m e ry th r in .  In  
each  ca se  i t  was p o s s i b l e  to  modify  1 .5  h i s t i d i n e s  w i th  t h e  f l u o r o - 2 , 4 -  
d in i t r o b e n z e n e .  Because o f  th e  c o l o r  o f  th e  d in i t r o p h e n y l a t e d  end p rod­
u c t ,  how ever,  i t  was n o t  f e a s i b l e  to  e s t a b l i s h  th e  re s p o n se  o f  th e  a c t i v e
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s i t e  t o  m o d i f i c a t i o n  o f  th e s e  r e s i d u e s .
W ith t h i s  p r e l i m i n a r y  in f o r m a t io n  on th e  h i s t i d i n e s  i n  hem ery­
t h r i n  a  k i n e t i c  s tu d y  o f  th e  m o d i f i c a t io n  o f  th e  p r o t e i n  w i th  io d o a c e t a -  
mide was u n d e r ta k e n .  The r e a c t i o n  c o n d i t io n s  w ere  c o n t r o l l e d  so  t h a t  th e  
o n ly  amino a c i d  s i d e  c h a in s  m o d if ie d  a p p r e c ia b ly  would be  th o s e  o f  h i s ­
t i d i n e  and m e th io n in e .  The c a rb o x y a m id o m e th y lh i s t id in e  and carboxyam ido- 
m e th y lm e th io n in e  d e r i v a t i v e s  do n o t  o f  t h e i r  own a c c o rd  change th e  
s p e c t r a l  p r o p e r t i e s  o f  th e  p r o t e i n .  A lso  th e  e x t e n t  o f  m o d i f i c a t i o n  can 
b e  d e te rm in e d  q u a n t i t a t i v e l y  a f t e r  a c i d  h y d r o ly s i s  o f  th e  p r o t e i n .  Thus 
t h i s  r e a c t i o n  p r o v id e s  a  method o f  c o r r e l a t i n g  t h e  s to i c h io m e t r y  o f  th e  
m o d i f i c a t i o n  r e a c t i o n  w i th  t h e  p r o p e r t i e s  o f  th e  a c t i v e  s i t e .
The r e s u l t s  o f  th e  k i n e t i c  s t u d i e s  on h e m e ry th r in  a t  pH 8 .0  a r e  
p r e s e n te d  i n  th e  fo l lo w in g  f i g u r e s . F ig u r e  16 shows th e  changes i n  326 
my and 447 my e x t i n c t i o n  c o e f f i c i e n t s ,  t h e  i r o n  c o n te n t  and th e  e l l i p t i c -  
i t y  o f  th e  s u c c i n y l a t e d  p r o t e i n  as th e  p r o t e i n  i s  m o d if ie d  w i th  io d o a c e -  
tam id e ;  F ig u re  16, th e  changes i n  th e  v i s i b l e  c i r c u l a r  d ic h ro i s m  o f  
s e l e c t e d  sam p le s .  The b a s e  v a lu e  f o r  th e  i r o n  i n  F ig u re  15 i s  0 . 3  moles 
o f  i r o n  p e r  mole o f  p r o t e i n  i n s t e a d  o f  th e  0 .0  moles e x p e c te d .  However, 
t h e  a b s o r p t i o n  o f  th e s e  sam ples  a t  510 my i n  th e  i r o n  d e t e r m in a t io n  was 
found  to  b e  in d e p e n d e n t  o f  c o n c e n t r a t i o n  s u g g e s t in g  t h a t  th e  r e s u l t s  a r e  
due to  an a r t i f a c t  o t h e r  th a n  th e  i r o n  c o n t e n t .  Thus th e  0 . 3  mole b a s e  
v a lu e  p ro b a b ly  r e p r e s e n t s  no p r o te in - b o u n d  i r o n .  These r e s u l t s  show t h a t  
th e  l o s s  o f  i r o n ,  h e l i c i t y ,  v i s i b l e  c i r c u l a r  d ic h ro i s m  and U V -v is ib le  
s p e c t r a l  c h a r a c t e r  o c c u r  c o n c u r r e n t ly  betw een 12 and 32 h o u r s .  A f i r s t  
o r d e r  k i n e t i c  p l o t  o f  t h e  change in  each  o f  th e s e  p r o p e r t i e s  may be found 
i n  F ig u re  17. In  each  in s t a n c e  l i n e a r i t y  i s  o b se rv e d  f o r  some p o r t i o n  o f  
th e  12-32 h o u r  r e a c t i o n  p e r i o d .  The d e g re e  o f  l i n e a r i t y  i s  p o o r e s t  f o r
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F ig u re  15: Changes i n  E x t in c t io n  C o e f f i c i e n t s  (326 and 447 mp), th e
E l l i p t i c i t y  (222 mp) and th e  I ro n  C on ten t D uring th e  R eac tio n  
o f  M e ta z id e h e m e ry th r in  (S u c c in y la te d )  w i th  Io d o a c e ta m id e .
O  e 326 mp 1/cm mole Fe 
Q  e 447 mp 1/cm mole Fe 
£  E l l i p t i c i t y  (222 mp)







6 447 x 10
*
o«
-r3—S 326  x K f * -  ELLIPTICITY x I0- 4 -  MOLES IRON
O i l
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F ig u re  16: Changes i n  th e  E l l i p t i c i t i e s  (300-500 mp) D uring  th e  R e a c t io n
o f  M e ta z id e h e m e ry th r in  (S u c c in y la te d )  w i th  Io d o ace tam id e .
----------  4 h o u rs
—  18 h o u rs














F ig u re  17: Pseudo F i r s t  O rder K in e t i c  P l o t  o f  t h e  Changes i n  E x t in c t io n
C o e f f i c i e n t s  (326 and 447 my), E l l i p t i c i t y  (222 my) and I ro n  
C o n te n t  D uring th e  R e a c t io n  o f  M e ta z id e h e m e ry th r in  (S u c c in -  
y l a t e d )  w i th  Io d o a c e ta m id e .
O  e 326 my 
©  e 447 my
A  E l l i p t i c i t y  (222 my)








2 0 4 0
TIME (H O U R S )
30 5 0 7060
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th e  e l l i p t i c i t y  b u t  t h e  f a c t  t h a t  t h i s  i s  a  p ro p e r ty  o f  th e  w hole  m o lecu le  
and n o t  j u s t  th e  a c t i v e  c e n t e r  p ro b a b ly  a c c o u n ts  f o r  t h i s  r e s u l t .  The 
s ig m o id a l  cu rv e  f o r  e l l i p t i c i t y  i n d i c a t e s  t h a t  th e  m o le c u la r  u n fo ld in g  
l a g s  th e  m o d i f i c a t i o n  r e a c t i o n .  I t  s h o u ld  be  n o te d  from F ig u re  17 t h a t  
v e ry  l i t t l e  change o f  any o f  th e  m o n i to re d  p r o p e r t i e s  o c c u r s  i n  t h e  f i r s t  
15 h o u rs  o f  r e a c t i o n  o r  a f t e r  35 h o u r s .  The f i r s t  o r d e r  r a t e  c o n s t a n t s  
f o r  th e  15-35 h o u r  p e r i o d  may be  found in  T ab le  15.
The r e s u l t s  o f  t h e  a n a l y s i s  f o r  m o d if ie d  h i s t i d i n e s  and m e th io ­
n in e s  may b e  found  i n  F ig u re  18 and  21. I t  I s  im p o r ta n t  to  n o te  s e v e r a l  
p o i n t s  ab o u t th e  m o d i f i c a t io n  o f  h i s t i d i n e .  F i r s t ,  th e  number o f  re c o v ­
e r e d  h i s t i d i n e s  i n  th e  0 time sam ple  i s  low by 0 .7  r e s i d u e s .  A s i m i l a r  
low re c o v e ry  o f  h i s t i d i n e  was o b se rv e d  i n  t h r e e  o t h e r  a n a ly s e s  o f  th e  
s u c c i n y l a t e d  h e m e r y th r in ,  and was a l s o  found to  be  t r u e  o f  a sam ple  com­
p l e t e l y  s u c c i n y l a t e d  a t  a  h ig h e r  pH (pH 8 - 9 ) .  When th e  io d o a ce ta m id e  
r e a c t i o n  was c a r r i e d  o u t  a t  pH 5 . 5 ,  0 .5  h i s t i d i n e s  w ere l o s t  i n  th e  0 
t im e  sam p le .  This  im p l i e s  t h a t  i n  th e  i n i t i a l  s u c c i n y l a t i o n  r e a c t i o n  a  
p o r t i o n  o f  th e  h i s t i d i n e  becomes m o d if ie d  and th e  r e s u l t i n g  d e r i v a t i v e  
does n o t  a p p e a r  on amino a c id  a n a l y s i s .  S in c e  h i s t i d i n e s  n o rm a l ly  r e a c t  
w i th  s u c c i n i c  a n h y d r id e  to  form a  v e ry  u n s t a b l e  bond , i t  i s  presum ed t h a t  
o n ly  one h i s t i d i n e  i s  in v o lv e d  and i t s  su c c in y l im id o  bond i s  s t a b i l i z e d  
by some un ique  e n v i ro n m e n ta l  p r o p e r t i e s ,  i . e .  h igh  n u c l e o p h i l i c i t y . The 
p o s s i b i l i t y  o f  r e a c t i o n  w i th  an im p u r i ty  i n  th e  s u c c i n i c  a n h y d r id e  was 
e l im i n a t e d  on th e  b a s i s  o f  an IR  s p e c t r a  o f  t h i s  r e a g e n t  which r e v e a le d  
no d e t e c t a b l e  q u a n t i t i e s  o f  i m p u r i t i e s .
U nusual n u c l e o p h i l i c i t y  m igh t be  c o n f e r r e d  on a h i s t i d i n e  th rough  
b i f u n c t i o n a l  c a t a l y s i s  in v o lv in g  one o f  i t s  n e ig h b o rs .  On th e  b a s i s  o f  
p r im ary  s t r u c t u r e  t h i s  cou ld  in v o lv e  a  n e ig h b o r in g  u nm od if ied  l y s i n e  o r
Table 15
F i r s t  O rder R ate C o n s tan ts  f o r  Changes Observed 
i n  M e taz id eh em ery th r in  D uring M o d i f ic a t io n  w i th  Iodoace tam ide
P ro p e r ty  R ( h r - *)
E x t i n c t i o n  c o e f f i c i e n t  326 mp .019
E x t in c t io n  c o e f f i c i e n t  447 mp .027
I ro n  c o n te n t  .018+
E l l i p t i c i t y  (222 top ) .021
Fig u re  18: Iodoace tam ide  M o d i f ic a t io n  o f  H i s t i d i n e  i n  M etazidehem ery­
t h r i n  ( S u c c i n y l a t e d ) .
A  T o ta l  M odified  and Free H i s t i d i n e  
Q  H i s t i d i n e
O  T o ta l  M odified  H i s t i d i n e  
A  3 - c a rb o x y m e th y lh i s t id in e  
P  1 - c a r b o x y m e th y lh i s t id in e  







TIM E (HOU RS)
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i f  th e  h i s t i d i n e  w ere  p a r t i a l l y  p r o to n a t e d ,  i . e .  one t h a t  would have  a 
h ig h  pK, th e  same f u n c t i o n  c o u ld  be  s e rv e d  by a  n e ig h b o r in g  g lu t a m ic ,  
a s p a r t i c  o r  s u c c i n y l  g roup .  S in c e  a lm os t a l l  th e  l y s i n e s  i n  th e  m o lecu le  
have p resum ably  b een  m o d i f ie d ,  t h e  fo rm er p o s s i b i l i t y  seems u n l i k e l y .
S in ce  t h e  l a t t e r  p o s s i b i l i t y  r e q u i r e s  p r o to n a t io n  o f  th e  h i s t i d i n e ,  the  
h i s t i d i n e  in v o lv e d  may w e l l  b e  one t h a t  t i t r a t e s  a t  a  h ig h  pH. S t i l l  
one would  e x p e c t  no rm al h y d r o l y s i s  o f  th e  s u c c in y l im id o  bond on h y d r o ly s i s  
o f  t h e  p r o t e i n  and c o n co m ita n t  re c o v e ry  o f  th e  h i s t i d i n e .  A p p a ren t ly  
h y d r o ly s i s  does n o t  o c c u r  s i n c e  th e  h i s t i d i n e  i s  n o t  r e c o v e re d .
The r e s u l t s  u s in g  t h e  m a le y la te d  h e m e ry th r in  a r e  v i r t u a l l y  i d e n t i ­
c a l  to  th o s e  w i th  s u c c i n y l a t e d  h e m e ry th r in  (F ig u re s  19 and 2 0 ) .  A gain , 
th e  amount o f  h i s t i d i n e  r e c o v e re d  i s  low b u t  s in c e  th e  m a ley l  group i s  
s i m i l a r  t o  t h e  s u c c i n y l  group i n  i t s  ch em ica l  p r o p e r t i e s ,  t h i s  i s  n o t  
u n ex p ec ted .
I f  one c o n s id e r s  the  d e s t r u c t i o n  o f  th e  a c t i v e  s i t e  t o  b e g in  a t  
12 h o u r s ,  th e n  1 .2  h i s t i d i n e s  i n  a d d i t i o n  t o  th e  o r i g i n a l  0 .7  have  been  
m o d if ie d  a t  t h i s  p o i n t .  Sequence work s u g g e s t s  t h a t  ab o u t one h a l f  o f  
th e s e  1 .2  h i s t i d i n e s  a r e  r e s id u e  #34. R es id u e  #82 i s  a l s o  p a r t i a l l y  
m o d if ie d  as  i s  th e  p e p t id e  c o n t a in in g  h i s t i d i n e s  #73 and #77 ( K l ip p e n s t e in  
-  u n p u b l i s h e d  o b s e r v a t i o n s ) .  I n  th e  12-32 h o u r  p e r io d  o f  th e  r e a c t i o n  
2 .1  a d d i t i o n a l  h i s t i d i n e s  a r e  m o d i f ie d .  Sequence work s u g g e s t s  t h a t  
m o d i f i c a t i o n  a t  t h i s  p o in t  i s  d i s t r i b u t e d  o v e r  a number o f  r e s i d u e s .  I t  
th u s  seems p ro b a b le  t h a t  t h r e e  h i s t i d i n e s  a r e  n o t  in v o lv e d  i n  th e  a c t i v e  
s i t e  o f  th e  m o le c u le ,  #34 and #82 and th e  h i s t i d i n e  w hich  r e a c t s  w i th  
s u c c i n i c  a n h y d r id e ,  p ro b a b ly  #72 o r  #73. Once th e  d e s t r u c t i o n  o f  th e  
a c t i v e  s i t e  b e g i n s ,  t h e  rem a in d e r  o f  th e  h i s t i d i n e s  a p p a r e n t ly  can r e a c t  
e i t h e r  a t  random r a t e s  o r  a t  r a t e s  c o n t r o l l e d  by t h e i r  ch em ica l  e n v i r o n -
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F ig u re  19: Changes i n  E x t i n c t i o n  C o e f f i c i e n t s  (326 and 447 mp) During
th e  R e a c t io n  o f  M e ta z id e h e m e ry th r in  (M a le y la te d )  w i th  
Io d o ace tam id e .
o e 326 my (1/cm mole Fe)
0  e 447 my (1/cm mole Fe)
30 1500







F ig u re  20: Io d o ace tam id e  M o d i f ic a t io n  o f  H i s t i d i n e  i n  M etaz idehem ery-
t h r i n  ( M a le y l a te d ) .
A  T o ta l  M o d if ied  and F ree  H i s t i d i n e  
Q  H i s t i d i n e
O  T o ta l  M o d if ie d  H i s t i d i n e  
A  3 - c a r b o x y m e th y lh i s t id in e  
O  1 - c a r b o x y m e th y l h i s t id i n e  
0 1 ,3  d i c a r b o x y m e th y lh i s t i d in e
RESIDUES




F ig u r e  21: Iodoace tam ide  M o d i f i c a t io n  o f  M eth ion ine  i n  M etaz idehem ery-














The pseudo f i r s t  o r d e r  r a t e  p l o t  f o r  th e  r e a c t i o n  o f  h i s t i d i n e  and 
m e th io n in e  may be  found i n  F ig u re  22. A l l  th e  h i s t i d i n e s  a p p e a r  to  r e a c t  
a t  th e  same r a t e  w i th  a  r a t e  c o n s ta n t  o f  0 .0049 h r ” 1. Sequence w ork, 
how ever, shows th e  r a t e  o f  m o d i f i c a t io n  o f  th e  d i f f e r e n t  h i s t i d i n e s  to  
d i f f e r  ( K l i p p e n s t e i n , u n p u b l ish e d  o b s e r v a t i o n s )  th u s  n e g a t in g  th e  concep t 
t h a t  th ey  a l l  r e a c t  a t  th e  same r a t e .
The r e s u l t s  o f  th e  m e th io n in e  a n a l y s i s  show t h a t  0 .475  r e s id u e s
have r e a c t e d  d u r in g  th e  f i r s t  12 h o u rs  o f  th e  r e a c t i o n .  The f i r s t  o rd e r  
p l o t  shows t h a t  th e  r a t e  o f  m e th io n in e  r e a c t i o n  (0 .0082 h r " 1) i s  much 
g r e a t e r  th a n  t h a t  o f  a c t i v e  s i t e  d e s t r u c t i o n  ( 0 . 0 0 1 1  h r - 1 ) o v e r  th e  f i r s t  
tw elve  h o u rs  o f  r e a c t i o n .  Both th e s e  f a c t s  s u g g e s t  t h a t  m e th io n in e  i s
n o t  in v o lv e d  i n  th e  a c t i v e  c e n t e r .  The f a c t  t h a t  d u r in g  th e  12-32 hour
p e r io d  th e  m e th io n in e  r a t e  o f  r e a c t i o n  (0 .0 2 3  h r " 1) app rox im ate s  t h a t  o f  
a c t i v e  s i t e  d e s t r u c t i o n  p ro b a b ly  means t h a t ,  a t  t h a t  p o i n t ,  t h e  r a t e  o f  
th e  change i n  th e  c o n fo rm a t io n  o f  th e  m o lecu le  becomes r a t e  d e te rm in in g  
f o r  th e  m e th io n in e  r e a c t i o n .
S in c e  th e  h i s t i d i n e  r e a c t i o n  i s  pH dependen t and th e  m e th io n in e  
r e a c t i o n  i s  n o t ,  th e  same r e a c t i o n  was c a r r i e d  ou t a t  pH 5 .5  u s in g  a 
sodium a c e t a t e  b u f f e r  sy s te m . As th e  r e a c t i o n  p ro c e e d e d ,  p r e c i p i t a t i o n  
o f  th e  p r o t e i n  o c c u r r e d .  The p r o t e i n  i n  th e  s u p e r n a t a n t ,  how ever, r e ­
t a i n e d  th e  n a t i v e  h e m e ry th r in  s p e c t r a  f o r  up to  16 h o u rs  o f  r e a c t i o n .  At 
26 h o u rs  most o f  th e  p r o t e i n  had  p r e c i p i t a t e d  and t h a t  p o r t i o n  t h a t  r e ­
mained i n  s o l u t i o n  had  l o s t  i t s  n a t i v e  m e ta z id e h e m e ry th r in  c o l o r  (F ig u re  
2 3 ) .  A n a ly s is  f o r  m o d i f ie d  m e th io n in e  i n  th e  s o l u b l e  p r o t e i n  showed t h a t  
a p p ro x im a te ly  0 . 2  m e th io n in e  r e s id u e s  had  r e a c te d  a t  16 h o u rs  t e n d in g  to  
co n f irm  th e  h y p o th e s i s  t h a t  th e  m e th io n in e  i s  n o t  in v o lv e d  i n  th e  a c t i v e
F ig u re  22: Pseudo F i r s t  O rder K in e t ic  P lo t  f o r  th e  Iodoace tam ide
M o d if ic a tio n  o f  H is t id in e  and M eth io n in e  i n  M e taz id e - 
h e m e ry th r in  (S u c c in y la te d ) .
O  H is t id in e  












F ig u re  2 3 : Changes in  th e  E x t in c t io n  C o e f f ic ie n t s  (326 and 447 mu)
D uring th e  R e a c tio n  o f  M e taz id eh em ery th rin  (S u c c in y la te d )  
w ith  Io d o ace tam id e  a t  pH 5 .5 .
Q  e 326 my (1/cm  mole Fe) 












s i t e .  A n a ly s is  showed t h a t  l e s s  th a n  one h i s t i d i n e  had  b een  m o d ifie d  a t  
t h i s  p o in t .  I r o n  a n a ly s i s  o f  th e  26 h o u r p r e c i p i t a t e  w hich s t i l l  d is p la y e d  
th e  n a t iv e  m e ta z id e h e m e ry th r in  amber c o l o r ,  showed t h a t  2 .0  gram atom s o f 
i r o n  w ere  s t i l l  bound by th e  p r o te i n .  Amino a c id  a n a ly s i s  o f  th e  sam ple 
showed th a t  0 .7 6  m e th io n in e s  had  been  m o d if ie d  b u t  o n ly  0 .7  h i s t i d i n e s .  
Samples r e a c te d  w ith  io d o a ce ta m id e  a t  p H 's  6 , 6 .5  and 7 a ls o  showed p r e ­
c i p i t a t i o n .  These s a m p le s , h ow ever, w ere  n o t a n a ly z e d . T h is In fo rm a tio n  
f u r t h e r  s t r e n g th e n s  th e  c o n c lu s io n  t h a t  m e th io n in e  i s  n o t  in v o lv e d  in  th e  
i r o n  s i t e  b u t  i s  in v o lv e d  i n  m a in ten an ce  o f  p r o te in  co n fo rm a tio n . Samples 
r e a c te d  a t  pH 8 .0  in  a T r i s - c a c o d y la te  b u f f e r  d id  n o t  show p r e c i p i t a t i o n  
on m o d if ic a t io n  o f  m e th io n in e . T h e re fo re ,  t h i s  p r e c i p i t a t i o n  seems to  be 
a f u n c t io n  o f  pH. When a  sam ple w ith  0 .3 5  m o d ified  m e th io n in es  and 0 .9 4  
m o d ified  h i s t i d i n e s  was d ia ly z e d  a g a in s t  0.1M T r is  c a c o d y la te  b u f f e r ,  
pH 6 .0 ,  p r e c i p i t a t i o n  o f  th e  p r o t e i n  o c c u r re d . The p r e c i p i t a t e  ag a in  
r e t a in e d  i t s  n a t iv e  m e ta z id e h e m e ry th r in  c o lo r .
The r e a c t io n  o f  s u c c in y la te d  h e m e ry th r in  B w ith  io d o a ce ta m id e  was 
a ls o  s tu d ie d .  Amino a c id  c o m p o sitio n  o f  t h i s  h e m e ry th r in  i s  s l i g h t l y  d i f ­
f e r e n t  from  t h a t  o f  a  p o o le d  p r e p a r a t io n  o f  h e m e ry th r in s . The v a r i a n t  
co m p o sitio n  a s  d e te rm in e d  by K lip p e n s te in  (p e rs o n a l com m unication) may be 
found in  T ab le  16 . The m ost n o ta b le  d i f f e r e n c e s  in  co m p o sitio n  a r e  th e  
v a lu e s  f o r  g lu ta m ic  a c id ,  a s p a r t i c  a c id  and h i s t i d i n e .  These v a lu e s  
r e f l e c t  th e  s u b s t i t u t i o n  o f  a s p a r t i c  a c id  fo r  g lu ta m ic  a c id  a t  r e s id u e  
#78 and a s p a ra g in e  f o r  h i s t i d i n e  a t  r e s id u e  if82 (K lip p e n s te in ,  u n p u b lish e d  
o b s e r v a t io n s ) .
The sp e c tru m  (300-600 my) and A2 8 0  o f  each sam ple was d e te rm in e d . 
Amino a c id  a n a ly s i s  f o r  th e  m o d if ie d  h i s t i d i n e s  and m e th io n in es  was a l s o  
c a r r i e d  o u t a f t e r  m o d if ic a t io n  w ith  io d o a c e ta m id e . On th e  b a s i s  o f  th e
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T ab le  16
Amino A cid C om position  o f  H em ery th rin  A and H em ery th rin  B (V a r ia n t)
Amino A cid R esidues R esidues 
H r. B H r. A
Lys 11 11
H is 6 .1  6 .8
Arg 2 .9  2 .9
Asp 1 9 .1  1 7 .0
Thr 4 .1  4 .4
S e r  3 .3  3 .8
G lu  9 .0  1 0 .1
Pro 4 .0  4 .1
Amino A cid R esid u es  R esidues 
H r. B H r. A
Gly 7 .0  6 .6
A la 5 .8  5 .2
Val 4 .0  3 .9
Met .8 3  .84
l i e  8 .9  8 .2
Leu 8 .4  8 .0
IV r 4 .8  4 .9
Phe 8 .8  9 .2
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s p e c t r a l  e x t in c t i o n  c o e f f i c i e n t s ,  d e s t r u c t io n  o f  th e  a c t iv e  s i t e  b e g in s  
a t  9 h o u rs  and i s  com plete  by 28 h o u rs  o f  r e a c t io n  (F ig u re  2 4 ) . A lthough 
th e  a c t iv e  s i t e  d e s t r u c t io n  a p p a re n tly  s t a r t s  a t  an e a r l i e r  tim e th a n  
o b se rv ed  in  th e  p re v io u s  s tu d y  o f  p o o le d  h e m e ry th r in , th e  pseudo f i r s t  
o rd e r  r a t e  o f  a c t iv e  s i t e  d e s t r u c t io n  as  r e f l e c t e d  in  th e  change in  ex ­
t i n c t i o n  c o e f f i c i e n t s  i s  q u i t e  s im i l a r  (0 .0 2 2 8  h r -1  e326 , 0 .0248  h r -1  
e 4 4 7 ) .
R e s u lts  o f  th e  a n a ly s i s  f o r  h i s t i d i n e  and m o d ifie d  h i s t i d i n e  a re  
found in  F ig u re  25. A gain th e  i n i t i a l  0 h o u r  sam ple i s  low by 0 .7  r e s i ­
dues o f  h i s t i d i n e .  T h is ten d s  t o  co n firm  th e  s u p p o s i t io n  th a t  th e r e  i s  
r a p id  r e a c t io n  o f  one h i s t i d i n e  w ith  s u c c in ic  a n h y d rid e . S ince t h i s  
r e a c t io n  o c c u rs  w ith  th e  v a r i a n t  i t  d e m o n s tra te s  th a t  t h i s  r e s id u e  can n o t 
b e  #82.
I f  9 to  28 h o u rs  I s  s e l e c t e d  as th e  tim e o f  th e  a c t iv e  s i t e  d es­
t r u c t io n  r e a c t io n ,  th e n  one f in d s  th a t  0 .8  h i s t i d i n e  r e s id u e s  r e a c t  b e fo re  
d e s t r u c t io n  b e g in s .  T h is  i s  in  c o n t r a s t  w ith  1 .2  r e s id u e s  o b se rv ed  i n  th e  
e a r l i e r  s tu d y  o f  p o o le d  h e m e ry th r in . T his d i f f e r e n c e  can  be  a c c o u n ted  f o r  
by th e  r e a c t io n  o f  0 .4  re s id u e s  o f  h i s t i d i n e  #82 in  th e  p o o led  p r e p a r a t io n .  
D uring th e  tim e o f  a c t iv e  s i t e  d e s t r u c t io n ,  2 .1  r e s id u e s  o f  h i s t i d i n e  
r e a c t  as compared to  th e  same v a lu e  w ith  th e  p o o led  p r e p a r a t io n .  The 
f i r s t  o rd e r  r a t e  p l o t  o f  th e  h i s t i d i n e  d isa p p e a ra n c e  i n  th e  p e r io d  o f  
a c t iv e  s i t e  d e s t r u c t io n  has a  r a t e  c o n s ta n t  (0 .0052  h r ” 1) q u i te  c lo s e  to  
th a t  o b se rv ed  In  th e  p re c e d in g  s tu d y  (F ig u re  2 6 ) .
A gain th e  r e s u l t s  on th e  e x te n t  o f  m e th io n in e  r e a c t io n  (F ig u re  27) 
s u g g e s t t h a t  i t  i s  n o t  in v o lv e d  in  th e  a c t iv e  c e n te r .  At 0 .9  h o u rs ,  .35 
m e th io n in e  r e s id u e s ,  abou t one t h i r d  o f  th e  t o t a l ,  had  r e a c te d .  The 
i n i t i a l  pseudo  f i r s t  o rd e r  r a t e  o f  r e a c t io n  i s  0 .0075  h r - 1 . T his r a t e
89
F ig u re  24: Changes in  th e  E x t in c t io n  C o e f f ic ie n ts  (326 and 447 my)
D uring th e  R e a c tio n  o f  M e taz id eh em ery th rin  (S u c c in y la te d )  
w ith  Io d o a c e ta m id e .
O  e 326 my 1/cm mole Fe 













F ig u re  25: Io d o ace tam id e  M o d if ic a tio n  o f  H is t id in e  in  M etazidehem ery- 
t h r i n  B ( S u c c in y la te d ) .
A  T o ta l  M o d ified  and F ree  H is t id in e  
®  H is t id in e
O  T o ta l M od ified  H is t id in e  
A  3 -c a rb o x y m e th y lh is t id in e  
□  1 - c a rb o x y m e th y lh is t ld ln e  








F ig u re  26: Pseudo F i r s t  O rder K in e t ic  P lo t  f o r  th e  Iodo ace tam id e
M o d if ic a t io n  o f  H is t id in e  and M eth io n in e  i n  M e ta z id e - 
h e m e ry th r in  B ( S u c c in y la te d ) .
o H is t id in e  







F ig u re  27: Iodo ace tam id e  M o d if ic a tio n  o f  M eth ion ine  i n  M etazidehem ery-







changes to  0.0X8 h r " 1  as th e  a c t iv e  s i t e  b e g in s  to  r e a c t  (F ig u re  2 6 ) .
T hese v a lu e s  c o r r e l a t e  w e l l  w ith  th o se  o b se rv ed  p re v io u s ly  and le a d  to  
th e  same I n t e r p r e t a t i o n ,  i . e .  t h a t  th e  m e th io n in e  r a t e  o f  r e a c t io n  changes 
as  th e  h e l i x  b e g in s  to  unwind s in c e  a t  t h i s  p o in t  t h i s  becomes th e  l i m i t i n g  
f a c t o r  in  th e  r e a c t io n .  The h ig h  i n i t i a l  r a t e  o f  r e a c t io n ,  how ever, e lim ­
in a t e s  m e th io n in e  as a  p o t e n t i a l  l ig a n d .
Ih e  d a ta  on th e  h i s t i d i n e s  when ta k e n  in  c o n ju n c tio n  w ith  th e  
p re v io u s  s tu d y  o f  poo led  h e m e ry th r in  and th e  sequence  a n a ly s i s  work 
in d i c a te s  t h a t  th r e e  h i s t i d i n e  r e s id u e s  a re  n o t in v o lv e d  in  th e  a c t iv e  
s i t e  and can  be  m o d ified  by io d o ace tam id e  w ith  no change in  th e  c h a ra c te r  
o f  th e  h e m e ry th r in . These re s id u e s  may in c lu d e  th e  one t h a t  i s  p a r t i a l l y  
s u c c in y la te d ,  p ro b ab ly  if73 o r  77 , r e s id u e  it34 w hich h as  b een  shown to  be 
m o d ifie d  to  ab o u t 0 . 6  r e s id u e s  and r e s id u e  #82 , w hich h as  been  shown to  
b e  p a r t i a l l y  m o d ified  in  th e  p o o led  h e m e ry th r in  and w hich  can acco u n t f o r  
th e  d i f f e r e n c e  betw een th e  number o f  i n i t i a l l y  m o d ifie d  r e s id u e s  in  th e  
p o o le d  p r e p a r a t io n  and th e  v a r i a n t  s t u d i e s .  M eth io n in e  i s  c l e a r l y  no t 
in v o lv e d  in  th e  a c t iv e  c e n te r .
L o c a l iz a t io n  o f  th e  S u c c in y la te d  H is t id in e
On th e  b a s i s  o f  th e  n a tu re  o f  th e  s u c c in y la t io n  r e a c t io n  th e  h i s ­
t i d i n e  most l i k e l y  to  form  a  s t a b l e  su c c in y lim id o  bond o r  m a ley lim ido  bond 
w ould be  a  p a r t i a l l y  p ro to n a te d  h i s t i d i n e .  S in ce  th e  m o d if ic a t io n  r e a c t io n  
was c a r r i e d  o u t a t  pH 8 .0 ,  t h i s  h i s t i d i n e  i s  m ost l i k e l y  one d em o n stra ted  
to  have a  h ig h  pK^n t  in  th e  t i t r a t i o n  s t u d i e s .  The n a tu r e  o f  th e  p rim ary  
s t r u c t u r e  o f  th e  p r o te in  would s u g g e s t  th a t  r e s id u e  #77 w ith  n e ig h b o rin g  
g lu ta m ic  a c id  re s id u e s  co u ld  w e ll  have a  h ig h  pK£n t . R esidue if78 i s  a 
s i t e  o f  amino a c id  in te rc h a n g e  in  h e m e ry th r in  B in v o lv in g  th e  s u b s t i t u t i o n
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o f  an  a s p a r t i c  a c id  f o r  a  g lu ta m ic  a c id .  However t h i s  sh o u ld  n o t  g r e a t ly  
a f f e c t  th e  pK^n t  o f  th e  h i s t i d i n e .  The h i s t i d i n e s a t  p o s i t i o n s  #25 and #73 
w ith  n e ig h b o r in g  g lu ta m ic  a c id s  and ly s in e s  a r e  a ls o  p o s s ib le  c a n d id a te s  
s in c e  i n  th e  s u c c in y la te d  p r o t e i n  th e  ly s in e s  w ould m ost l i k e l y  b e  s u c ­
c in y la te d  th u s  h a v in g  th e  e f f e c t  o f  a  second  a c id  r e s id u e .  These two 
h i s t i d i n e s ,  how ev er, w ould  b e  l e s s  l i k e l y  to  t i t r a t e  a t  a  h ig h  p % n t  un­
l e s s  th e  t e r t i a r y  s t r u c t u r e  o f  th e  p r o te in  caused  in c re a s e d  n u c l e o p h i l i -  
c i t y  o f  th e  h i s t i d i n e .
In  an  a t te m p t to  l o c a l i z e  th e  s u c c in y la te d  o r  m a le y la te d  h i s t i d i n e ,  
m e ta z id e h e m e ry th r ln  was c o m p le te ly  s u c c in y la te d  i n  g u an ld in iu m  c h lo r id e  
( 6 M) a t  a  l e v e l  50 tim es  i t s  ly s in e  c o n te n t .  I t  was th e n  d ig e s te d  w ith  
t r y p s i n .  Amino a c id  a n a ly s i s  o f  th e  s u c c in y la te d  p r o te in  showed a re c o v ­
e ry  o f  o n ly  5 .7  o f  th e  6 .7  h i s t i d i n e s .  F r a c t io n  TT 2 o f  th e  t r y p t i c  
d ig e s t  gave a  re c o v e ry  o f  o n ly  3 .9  o f  th e  4 .7  h i s t i d i n e s  e x p e c te d . This 
f r a c t i o n  c o n ta in s  th e  C te rm in a l  p o r t io n  o f  th e  p r o t e i n ,  r e s id u e s  50-113 
(K lip p e n s te in  elt a l . ,  1968 ). F r a c t io n  TT 3 c o n ta in in g  r e s id u e s  #25 and 
34 (K l ip p e n s te in  e £  a l . ,  1968) showed i t s  norm al com plement o f  h i s t i d i n e  
on amino a c id  a n a l y s i s .  Thus r e s id u e  #25 may be e l im in a te d  a s  th e  su c ­
c in y la te d  h i s t i d i n e .
F r a c t io n  TT 2 was f u r t h e r  frag m en ted  w ith  chym otrypsin  and 
p u r i f i e d  on a  DEAE-Sephadex colum n. F i f t e e n  f r a c t i o n s  w ere c o l l e c t e d  and 
a n a ly z e d . F r a c t io n s  9 ,  10 , 1 2 , 1 3 , 14 and 15 (p e p tid e  D9_ 15) c o n ta in e d  
p e p t id e s  encom passing  h i s t i d i n e s  #73 and #77. These f r a c t i o n s  w ere p o o le d . 
On a n a l y s i s ,  o n ly  1 .4 5  h i s t i d i n e s  o f  th e  two e x p e c te d  w ere re c o v e re d . A 
f r a c t i o n  o f  t h i s  h i s t i d i n e  can  b e  a c c o u n ted  f o r  by some h i s t i d i n e  #82 
r e s u l t i n g  from  in c o m p le te  c le a v a g e  a t  p h e n y la la n in e  #80. O th e r h i s t i d i n e  
c o n ta in in g  p e p t id e s  from  TT 2 w ere found to  have t h e i r  e x p e c te d  h i s t i d i n e
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c o n te n t .  I t  th u s  ap p e a rs  c e r t a i n  t h a t  th e  h i s t i d i n e  m o d ified  by  s u c c in y la -  
t i o n  i s  e i t h e r  #73 o r  #77.
I s o l a t i o n  o f  th e  s u c c in y la te d  h i s t i d i n e  beyond  t h i s  p o in t  became 
d i f f i c u l t  b e c a u se  o f  th e  chem ica l n a tu r e  o f  th e  p e p t id e .  P a p a in  and s u b -  
t i l i s i n  cau sed  no  c le a v a g e  o f  th e  p e p t id e  betw een  th e  two h i s t i d i n e s .  In  
a n o th e r  app ro ach  th e  p e p t id e  was m o d if ie d  w ith  io d o a c e ta m id e  f o r  50 h o u rs  
to  m odify th e  f r e e  h i s t i d i n e .  A f te r  m o d if ic a t io n  th e  p e p t id e  was d e s a l t e d  
on a  Sephadex G-15 column and s u b je c te d  to  amino a c id  a n a l y s i s .  I t  was 
found to  have a t o t a l  o f  1 .2 5  h i s t i d i n e s ,  90% o f  w hich  had b e e n  m o d if ie d . 
The v a lu e  f o r  t o t a l  h i s t i d i n e  i s  lo w er th a n  th a t  o f  th e  i n i t i a l  p e p t id e  
i n  t h a t  f u r t h e r  p u r i f i c a t i o n  o f  th e  p e p t id e  r e s u l t e d  from  th e  Sephadex 
G-15 column u sed  to  remove th e  e x c e ss  io d o a c e ta m id e . The m o d if ie d  h i s t i ­
d in e  was found  as  3 -c a rb o x y m e th y lh is t id in e  and 1 ,3 -d ic a r b o x y m e th y lh is t i -  
d in e .  The m o d if ie d  p e p t id e  was th e n  h y d ro ly z e d  w ith  0.03M h y d ro c h lo r ic  
a c id  to  remove th e  s u c c in y l  groups from  th e  ly s in e s  (K lip p e n s te ln  e t  a l . , 
1968) and th e n  d ig e s te d  w ith  t r y p s in  to  c le a v e  th e  p e p t id e  a t  a  p o in t  
betw een  th e  two h i s t i d i n e  r e s id u e s .  The d ig e s t  was run  th ro u g h  a  Sephadex 
G-15 colum n; s i x  f r a c t io n s  w ere  c o l l e c t e d  and a n a ly z e d . P e p t id e  maps w ere 
a l s o  p re p a re d  o f  each  f r a c t i o n .  The r e s u l t s  o f  th e s e  a n a ly se s  p lu s  th o se  
o f  th e  o r i g i n a l  p e p t id e  and th e  m o d if ie d  p e p t id e  can  be found in  T ab les 
17 and 18.
One w ould  e x p e c t th e  p ro d u c ts  o f  th e  a c id  and t r y p t i c  d ig e s t s  to  
b e  a s p a r t i c  a c id  and ty r o s in e  o r  th e  d ip e p t id e  Tyr-A sp (#70 , 7 1 ) , th e  
t r i p e p t i d e  G lu -H is-L ys (# 7 2 -7 4 ) , f r e e  ly s in e  (#75) and th e  p e n ta p e p t id e  
G lu -H is-G lu -G ly /T h r-P h e  (# 7 6 -8 0 ). S e v e ra l  f a c t s  a r e  in d ic a te d  by th e  d a ta  
(T a b le s  17 and 1 8 ) . I t  i s  p o s s ib le  to  i s o l a t e  th e  i n t a c t  p e p t id e  ( \-T -G i)  
a f t e r  th e  d i l u t e  a c id ,  t r y p t i c  d ig e s t  io n  w ith  some en ric h m en t in  1 ,3 -
Table 17
Amino A cid C om position  o f  th e  D9 . . 1 5  P e p t id e ,  th e  M o d ified  
D9 - 1 5  P e p t id e  and I t s  D i lu te  A cid , T r y p t ic  D ig e s t  F ragm ents
Amino A cid D9-15 D9-15
IACII
A-T-Gi A—T—Gj A-T-G 3 A-T-G„ A-T-G 5
Lys 2 .3 2 . 1 2 . 0 1 . 2 1 .5 0 .4 t r a c e
H is 1 .4 0 . 1 0 . 1 0 . 1 0 . 1 - -
3-CMH* - 0 . 6 0 . 6 0 .4 0 .9 - -
1 , 3-CMH** - 0 .5 0 .9 0 . 2 - - _
Asp 1 .3 0 .9 0 .4 0 .3 1 . 0 0 .4 t r a c e
Thr 0 .4 0 .4 0 .5 0 . 1 0 . 1 0 . 2 -
Glu 2 .7 2 .5 3 .0 1 . 0 1 . 0 1 .3 t r a c e
Gly 0 .9 0 .9 0 .7 0 .4 0 .5 1 . 2 t r a c e
T y r 0 . 8 0 .7 0 . 2 0 . 1 1 . 0 - t r a c e
Phe 1 . 2 1 . 2 1 . 0 0 . 2 _ 1 . 0 +
t r a c e
t r a c e
t r a c e
* 3-CMH ■ 3 -c a rb o x y m e th y lh is t id in e
** 1 , 3-CMH -  1 ,3 -d ic a r b o x y m e th y lh is t id in e
Table 18
F r a c t io n
A-T-Gi
A-T-G2
a - t - g 3
a - t - g 4
a - t - g 5
a - t - g 6
E le c t r o p h o r e t ic  M o b ili ty  and P ro p o sed  C om position  o f  
th e  D i lu te  A c id , T ry p t ic  D ig e s t  F ragm en ts  o f  th e  D g_i5  P e p tid e
A cid  P e p tid e  
4
B a s ic  P e p t id e s Amino A cids
A c id ic  
A c id ic  B a s ic  
A c id ic  B a s ic
C om position  o f  th e  M ajor P e p tid e s
G lu -H is -L y s-L y s-G lu -H is -G lu -G ly -P h e  
3-CMH* (S u c c .)* * *
1 , 3-CMH**
G lu -H is-L ys 
3-CMH 
1 , 3-CMH
G lu-H is-L ys and A sp-T yr 
3-CMH
G lu -G ly (T h r)-P h e  
Amino A cids 
Amino A cids
* 3-CMH “  3 -c a rb o x y m e th y lh is t id in e
** 1 , 3-CMH ■ 1 , 3 -d ic a rb o x y m e th y lh is t id in e
*** S u c c in y la te d  h i s t i d i n e
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d ic a r b o x y m e th y lh is t id in e . T h is s u g g e s ts  some p r e f e r e n t i a l  c le a v a g e  o f  
th e  c h a in s  w ith  3 -c a rb o x y m e th y lh is t id in e ,  The a s p a r t i c  a c id  and ty r o s in e  
have e s s e n t i a l l y  been  rem oved. The t r i p e p t i d e  G lu -H is-L ys i s  a l s o  i s o ­
l a t e d  as i s  th e  t r i p e p t i d e  G lu -G ly -P he . The h i s t i d i n e  in  th e  G lu-H is-L ys 
t r i p e p t i d e  i s  a lm o s t c o m p le te ly  m o d if ie d . Both 1 ,3 -d ic a rb o x y m e th y lh is t i -  
d in e  and 3 -c a rb o x y m e th y lh is t id in e  a r e  found , b u t  th e  3 -c a rb o x y m e th y lh is t i-  
d in e  p re d o m in a te s , s u p p o r t in g  th e  h y p o th e s is  on p r e f e r e n t i a l  c le a v a g e  o f  
c h a in s  c o n ta in in g  3 -c a rb o x y m e th y lh is t id in e .  H ie p e n ta p e p tid e  G lu -H is-G lu - 
G ly-Phe i s  n o t  d e te c te d .  T his le a d s  to  th e  c o n c lu s io n  th a t  d e g ra d a tio n  
o f  t h i s  p e p t id e  h as  o c c u rre d  y ie ld in g  th e  t r i p e p t i d e  G lu -G ly -P he . F ree  
g lu ta m ic  a c id  can be  d e te c te d  in  f r a c t i o n  A-T-Gg w hich co u ld  accoun t f o r  
g lu ta m ic  a c id  #76. No h i s t i d i n e  o r  c a rb o x y m e th y lh is t id in e  ap p e a rs  i n  any 
o f  th e s e  l a t e r  f r a c t i o n s .  Thus i t  m ust b e  t h a t  h i s t i d i n e  #77 i s  s u c c in ­
y l a t e d  and deg rad ed  to  a  new end p ro d u c t .  The end  p ro d u c t o f  t h i s  r e a c t io n  
was n o t  d e te c te d  on th e  amino a c id  a n a ly z e r  b u t  i t  must b e  one th a t  makes 
th e  p e p t id e  c h a in  l a b i l e  to  c le a v a g e  a t  p o s i t i o n  77 y ie ld in g  th e  t r i p e p ­
t i d e  G lu -G ly -P he . S in ce  such  f ra g m e n ta t io n  w ould n o t o c c u r  i f  th e  
h i s t i d i n e  e x i s t e d  as f r e e  h i s t i d i n e  o r  c a rb o x y m e th y lh is t id in e ,  t h i s  
o c c u rre n c e  f u r t h e r  s t r e n g th e n s  th e  c o n c lu s io n  t h a t  h i s t i d i n e  # 7 7  i s  th e  
one m o d ified  w ith  s u c c in ic  an h y d rid e  o r  m a le ic  a n h y d r id e . S ince t h i s  
m o d if ic a t io n  cau ses  no change in  th e  a c t iv e  s i t e  p r o p e r t i e s  o f  th e  p r o te in  
h i s t i d i n e ,  #77 can n o t be in v o lv e d  i n  th e  a c t iv e  c e n te r .
DISCUSSION
The p re c e d in g  s tu d ie s  on h e m e ry th r in  have  been  b o th  q u a l i t a t i v e  
and q u a n t i t a t i v e  in  n a t u r e , b e in g  co n ce rn ed  w ith  a s c e r t a in i n g  w h eth er 
l y s i n e ,  m e th io n in e  and h i s t i d i n e  w ere in v o lv e d  in  th e  a c t iv e  c e n te r  o f  
h e m e ry th r in  and w ith  e s t im a t in g  th e  number o f  th e s e  r e s id u e s  so  in v o lv e d .
In  f u l f i l lm e n t  o f  t h i s  i n t e n t  th e  p re c e d in g  d a ta  h a s  shown t h a t  ly s in e ,  
g ly c in e  and m e th io n in e  a re  n o t  in v o lv e d . In  each  ca se  t h i s  c o n te n t io n  
i s  b a se d  on th e  s u c c e s s f u l  ch em ica l m o d if ic a t io n  o f  th e  r e s id u e s  w ith o u t 
co n co m ita n t d e s t r u c t io n  o f  th e  p r o t e i n 's  a c t iv e  c e n te r  as r e f l e c t e d  in  
i t s  s p e c t r a l  and c i r c u l a r  d ic h r o ic  p r o p e r t i e s .
A lthough Fan and York (1969) w ere  a b le  to  m odify 11 amino groups 
w ith  t r i n i t r o b e n z e n e s u l f o n ic  a c id  w ith o u t a change in  th e  330 mu e x t in c ­
t i o n  c o e f f i c i e n t  o r  lo s s  o f  i r o n ,  t h i s  d id  n o t e l im in a te  a l l  amino groups 
from  a c t iv e  s i t e  c o n te n t io n  as they  c la im e d  s in c e  th e r e  a r e  a  t o t a l  o f  
tw e lv e  amino groups in  th e  p r o t e i n ,  11 ly s in e s  and th e  N - te rm in a l g ly c in e .  
G a rb e tt  e t  a l .  (1971b) w ere n o t  a b le  to  m odify more th a n  9 amino groups 
i n  th e  m etaquo , m ethydroxy and m e taz id e  forms o f  th e  p r o t e i n  w ith o u t 
c a u s in g  p r e c i p i t a t i o n  and lo s s  o f  th e  i r o n .  The d a ta  p r e s e n te d  h e r e ,  
how ever, d em o n s tra te s  t h a t  i t  i s  p o s s ib le  to  m odify  th e  e le v e n  ly s in e s  
and th e  N -te rm in a l g ly c in e  i n  m e ta z id e h e m e ry th r in  w ith  m e th y la c e tim id a te ,  
s u c c in i c  a n h y d rid e  and m a le ic  a n h y d r id e . In  each  c a se  th e  U V -v is ib le  
sp ec tru m  (300-600 mu) o f  th e  m e ta z id e h e m e ry th r in  i s  n o t s i g n i f i c a n t l y  
changed n o r i s  th e  c i r c u l a r  d ic h ro ism  (300-550 mu) o f  th e  a m id in a te d  and 
s u c c in y la te d  sa m p le s . The d i f f i c u l t y  e n c o u n te re d  by G a rb e tt  n t  a l . (1971b) 
w ith  s u c c in ic  an h y d rid e  m o d if ic a t io n  may have b e e n  due to  th e  f a c t  t h a t
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th e y  s t a r t e d  w ith  th e  o c ta m e r ic  form  o f  th e  p r o t e i n .  Even though s u c c in -  
y l a t i o n  cau ses  d i s s o c i a t i o n  o f  th e  p r o te i n  to  monomer th e  i n i t i a l  u se  o f  
o c tam er does seem to  red u ce  th e  r e a c t i v i t y  o f  3 -4  l y s in e s .  Even in  th e  
monomer form  o f  th e  p r o t e i n  th e r e  i s  one ly s in e  w hich can  be  m o d ifie d  
o n ly  w ith  a  l a r g e  e x c e ss  o f  r e a g e n t .
A pprox im ate ly  40-50% o f  th e  m e th io n in e  can b e  m o d if ie d  w ith  io d o ­
ace tam id e  a t  pH 8 .0  w ith o u t a p p re c ia b ly  a f f e c t i n g  th e  e x t i n c t i o n  c o e f ­
f i c i e n t s  o f  m e ta z id e h e m e ry th r in  a t  326 mp and 447 mp, th e  e l l i p t i c ! t y  a t  
222 mp, and th e  i r o n  c o n te n t  o f  th e  p r o t e i n .  D e s tru c t io n  o f  th e  a c t iv e  
c e n te r  o c c u rs  beyond t h i s  p o i n t ,  b u t  i s  due to  th e  m o d if ic a t io n  o f  
h i s t i d i n e  and n o t  th e  r e a c t io n  o f  m e th io n in e . When th e  h i s t i d i n e  m o d if i­
c a t io n  i s  r e s t r i c t e d  a t  pH 5 .5  i t  i s  p o s s ib le  to  m odify -70% o f  th e  
m e th io n in e  and s t i l l  r e t a i n  a l l  th e  p r o te i n  i r o n .  However, p r e c i p i t a t i o n  
o f  th e  p r o te in  does o c c u r  when th e  m e th io n in e  i s  m o d ified  a t  th i s  pH. On 
th e  b a s i s  o f  t h i s  d a ta  th e  m e th io n in e  can  b e  e l im in a te d  a s  an i r o n  l ig a n d .
Some o f  th e  h i s t i d i n e  r e s id u e s  a p p a re n t ly  a r e  in v o lv e d  in  th e  a c ­
t i v e  c e n te r .  T his f a c t  was s u g g e s te d  by Fan and York (1969) when th e y  
w ere a b le  to  m odify th r e e  h i s t i d i n e  r e s id u e s  in  o x y h em ery th rin  monomer and 
sev en  re s id u e s  i n  ap o h em ery th rin  u s in g  5 -d ia z o - l-H  t e t r a z o l e .  The r e s u l t s  
o f  Fan and York a r e  co n firm ed  by th e s e  s tu d i e s .  TVo o f  th e  th r e e  h i s t i ­
d in e s  n o t  in v o lv e d  can be d e te c te d  by b o th  t i t r a t i o n  and m o d if ic a t io n  and 
th e  t h i r d  o n ly  by m o d if ic a t io n .  T h is  may b e  due to  th e  f a c t  t h a t  th e  t h i r d  
r e s id u e  l i e s  in  an a p o la r  re g io n  o f  th e  p r o t e i n  o r  may r e f l e c t  th e  f a c t  
t h a t  th e  t i t r a t i o n  s tu d ie s  w ere done p r im a r i ly  on h e m e ry th r in  o c tam er and 
th e  m o d if ic a t io n  s tu d ie s  on h e m e ry th r in  monomer. Fan and York (1968) r e p o r t  
t h a t  one h i s t i d i n e  i s  much more r e a c t iv e  in  monomer th a n  i t  i s  in  o c tam er.
In  t i t r a t i o n  s tu d ie s  on th e  h e m e ry th r in  monomer, how ever, l i t t l e  a d d i t io n a l
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t i t r a t a b l e  h i s t i d i n e  co u ld  b e  d e te c te d .
M o d if ic a tio n  s tu d ie s  o f  p u re  h e m e ry th r in  B as com pared w ith  p o o le d  
sam ples c o n ta in in g  b o th  h e m e ry th r in  A and h e m e ry th r in  B d em o n stra te  th a t  
r e s id u e  #82, th e  h i s t i d i n e  t h a t  i s  r e p la c e d  by a s p a ra g in e  in  h e m e ry th r in  
B, i s  m o d ified  w ith  io d o a c e ta m id e . P a r t i a l  m o d if ic a t io n  o f  t h i s  re s id u e  
h a s  a ls o  b een  o b se rv ed  in  seq u en ce  work on th e  m o d if ie d  p o o le d  p r o te in  
by K lip p e n s te in  (u n p u b lish e d  o b s e r v a t io n s ) .  He h a s  a l s o  d em o n stra ted  
t h a t  r e s id u e  #34 i s  m o d ified  w ith  io d o a c e ta m id e . The t h i r d  m o d ified  r e s i ­
due i s  a p p a re n tly  #77. T h is r e s id u e  i s  m ost l i k e l y  one w hich t i t r a t e s  a t  
th e  h ig h  pH o b se rv ed  in  th e  t i t r a t i o n  s tu d i e s .  H is t id in e  r e s id u e  77 does 
n o t r e a c t  w ith  io d o ace tam id e  to  any a p p re c ia b le  e x te n t  (K lip p e n s te in ,  
u n p u b lish e d  o b s e rv a t io n s )  b e c a u se  i t  i s  m o d ifie d  d u r in g  th e  p re lim in a ry  
m o d if ic a t io n  w ith  s u c c in ic  an h y d rid e  o r  m a le ic  an h y d rid e  and th e n  i s  des­
tro y e d  d u rin g  su b se q u e n t t r e a tm e n t  o f  th e  p r o t e i n .  Iodoace tam ide  m o d if i­
c a t io n  o f  th e  s u c c in y la te d  p e p t id e  c o n ta in in g  th i s  r e s id u e  as w e ll  as 
h i s t i d i n e  #73 h a s  d em o n stra te d  t h a t  m ost o f  th e  m o d if ic a t io n  o c c u rs  on 
r e s id u e  #73 d e s ig n a t in g  #77 a s  th e  one m o d ifie d  w ith  s u c c in ic  a n h y d rid e .
The p e p t id e  c o n ta in in g  t h i s  r e s id u e  i s  deg raded  by d i l u t e  a c id ,  t r y p t i c  
d ig e s t io n .  C leavage o ccu rs  a t  p o s i t i o n  #77 s u p p o r t in g  th e  h y p o th e s is  t h a t  
t h i s  r e s id u e  h a s  b een  m o d if ie d  by s u c c in ic  a n h y d rid e  y ie ld in g  an end p ro d ­
u c t t h a t  i s  s u s c e p t ib le  to  c le a v a g e . Such a  b re a k  in  th e  p e p t id e  ch a in  
w ould n o t o c c u r  i f  h i s t i d i n e  o r  c a rb o x y m e th y lh is t id in e  w ere found in  
p o s i t i o n  #77. R esidue #77, th u s ,  i s  n o t in v o lv e d  i n  th e  a c t iv e  c e n te r  o f  
th e  p r o te in .  W hether o r  n o t th e  rem a in in g  fo u r  h i s t i d i n e s  a r e  a c tu a l ly  
in v o lv e d  in  th e  a c t iv e  c e n te r  as su g g e s te d  by Fan and York (1969) rem ains 
to  b e  d e te rm in e d . However, s in c e  r e a c t io n  o f  th e se  h i s t i d i n e s  (# ’ s 25 , 5 4 , 
73, 101) causes  d e s t r u c t io n  o f  th e  a c t iv e  s i t e ,  a t  l e a s t  one and p o s s ib ly
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a l l  fo u r  do se rv e  a s  I ro n  l i g a n d s .
In  th e  c o u rse  o f  t h i s  w ork a  number o f  f a c t s  have been  re v e a le d  
r e l a t i n g  to  th e  t e r t i a r y  and q u a r te m a r y  s t r u c t u r e  o f  th e  p r o te i n  and th e  
amino a c id  r e s id u e s  s tu d ie d .  G a rb e tt  e t  a l .  (1971b, 1971c) have n o te d  
th a t  in  m etaquo and m ethyd roxyhem ery th rin  p e r c h lo r a te  io n  b in d in g  l i m i t s  
th e  r e a c t i v i t y  o f  two ly s in e s  p resum ably  lo c a te d  n e a r  th e  i r o n  s i t e .
They d id  n o t  o b se rv e  t h i s  e f f e c t  when u s in g  m e ta z id e h e m e ry th r in . In  a l l  
s tu d ie s  re p o r te d  h e r e  d i f f e r e n t i a l  r e a c t i v i t y  o f  th e  ly s in e s  was o b se rv ed . 
In  th e  m e ta z id e h e m e ry th r in  monomer one ly s in e  was found  to  be v e ry  d i f ­
f i c u l t  to  m odify . I t  sh o u ld  be  n o te d  th a t  in  a l l  c a s e s  th e  p r o te i n  was 
i n  b o r a te  b u f f e r .  B o ra te  does have some tendency  to  b in d  to  th e  p r o te in  
and co u ld  p o s s ib ly  b e  r e s p o n s ib le  f o r  th e  p o o r r e a c t i v i t y  o f  t h i s  ly s in e .
In  m e ta z id e h e m e ry th r in  octom er th r e e  ly s in e s  w ere r e l a t i v e l y  d i f f i c u l t  
to  m odify and a f o u r th  very  d i f f i c u l t  to  m odify even  w ith  a la rg e  ex ce ss  
o f  th e  m o d ify in g  r e a g e n t .  T h is fo u r th  ly s in e  i s  p resum ably  th e  one w hich 
i s  u n re a c t iv e  in  th e  monomer. I t  i s  a ls o  p ro b ab ly  th e  r e s id u e  n o t  r e a c te d  
by Fan and York (1969) in  t h e i r  s tu d ie s  u s in g  t r i n i t r o b e n z e n e s u l f o n ic  a c id .
D if fe re n c e s  in v o lv in g  th e  b e h a v io r  o f  ly s in e s  i n  th e  monomer and 
octam er w ere  a lso  re v e a le d  in  th e  t i t r a t i o n  s tu d ie s  o f  b o th  form s o f  
m e ta z id e h e m e ry th r in . A pprox im ately  fo u r  ly s in e s  t i t r a t e  abou t one pH u n i t  
low er i n  th e  monomer th a n  th ey  do in  th e  o c tam er. A com plem entary d i f ­
fe re n c e  i s  n o te d  w ith  th e  g lu ta m ic  and a s p a r t i c  a c id  r e s id u e s .  In  t h i s  
in s ta n c e  fo u r  to  s i x  groups t i t r a t e  0 .5  -  1 pH u n i t s  h ig h e r  in  th e  monomer 
th an  th e y  do in  th e  o c tam er. T h is p a t t e r n  o f  d i f f e r e n c e  su g g e s ts  th a t  
some g lu ta m ic  a c id  a n d /o r  a s p a r t i c  a c i d - ly s in e  s a l t  b r id g e  in t e r a c t io n s  
may o c c u r  i n  th e  o c tam er form o f  th e  p r o t e i n .  I t  was a ls o  n o te d  in  th e  
t i t r a t i o n  s tu d ie s  t h a t  th e  lo s s  o f  i r o n  o c c u rs  0 .6  pH u n i t s  h ig h e r  in  th e
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monomer th a n  I t  does on th e  o c tam er s u g g e s t in g  t h a t  some p r o te c t io n  may 
be a f fo rd e d  th e  i r o n  s i t e  by o c to m e rlc  i n t e r a c t i o n s .  T his h y p o th e s is  i s  
su p p o r te d  by th e  f a c t  t h a t  i t  i s  v i r t u a l l y  im p o ss ib le  to  p re p a re  th e  
ap o h em ery th rin  form  o f  th e  p r o t e i n  a c c o rd in g  to  th e  p ro ced u re  d e s c r ib e d  
by Fan and York (1971) when th e  octom er form  o f  th e  p r o te in  i s  u sed .
M e th io n in e , when i t  i s  m o d ifie d  e x t e n s iv e ly ,  te n d s  to  cause 
p r e c i p i t a t i o n  o f  th e  p r o te in  a t  pH v a lu e s  below  pH 7 .0 .  T his was a ls o  
n o te d  i n  e a r l i e r  m e th io n in e  m o d if ic a t io n  s tu d ie s  w ith  io d o a c e ta te  and 
sodium  p e r io d a te  ( K l ip p e n s te in ,  u n p u b lish e d  o b s e r v a t io n s ) . Thus, a l th o u g h  
n o t  in v o lv e d  in  th e  a c t iv e  c e n t e r ,  m e th io n in e  does seem to  be  r e l a t e d  to  
th e  m a in ten an ce  o f  th e  p r o t e i n 's  n a t iv e  co n fo rm a tio n  s in c e  p r e c i p i t a t i o n  
o ccu rs  w ith  i t s  m o d if ic a t io n  a t  pH’s w here unm od ified  h e m e ry th r in  i s  
s o lu b le .  The i r o n  a l s o  seems to  be  e s s e n t i a l  in  t h i s  r e s p e c t  s in c e  th e  
a p o h em ery th rin  c o n ta in s  o n ly  ab o u t one t h i r d  th e  h e l i x  o f  th e  n a t iv e  form 
and a l s o  p r e c i p i t a t e s  on s ta n d in g  a t  5° and a t  room te m p e ra tu re .
S tu d ie s  on th e  l y s i n e s ,  g ly c in e ,  m e th io n in e  and h i s t i d i n e s  in  
h e m e ry th r in  have b een  p r e s e n te d  h e r e .  Some o f  th e  h i s t i d i n e s  have been  
i d e n t i f i e d  as b e in g  e s s e n t i a l  to  th e  a c t iv e  c e n te r  o f  th e  p r o t e i n ,  fo u r  
p ro b a b ly  s e rv in g  as  l ig a n d s  f o r  th e  i r o n .  A lthough ly s in e ,  g ly c in e  and 
m e th io n in e  have b een  e l im in a te d  as i r o n  l ig a n d s ,  th e y  ap p e a r to  be i n ­
v o lv ed  in  m a in ta in in g  th e  t e r t i a r y  and q u a r te m a r y  s t r u c t u r e  o f  th e  p ro ­
t e i n .  The ly s in e s  a r e  in v o lv e d  in  s u b u n i t  i n t e r a c t i o n s ;  th e  m e th io n in e  
in  m ain ten an ce  o f  th e  t e r t i a r y  c o n fo rm a tio n . The g ly c in e  ap p ea rs  to  have 
no p a r t i c u l a r  r o le  i n  th e  o r g a n iz a t io n  o f  th e  p r o te in  a t  th e  s e c o n d a ry , 
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